Microstructural damage of thermal barrier coatings due to CMAS by Ndamka, Ngunjoh Lawrence
 CRANFIELD UNIVERSITY 
 
 
 
 
 
 
NGUNJOH LAWRENCE NDAMKA 
 
  
 
 
MICROSTRUCTURAL DAMAGE OF THERMAL BARRIER COATINGS DUE TO CMAS 
ATTACK 
 
 
 
 
 
 
SCHOOL OF APPLIED SCIENCES 
SURFACE ENGINEERING AND NANOTECHNOLOGY INSTITUTE (SENTI) 
 
 
 
 
Full Time Ph.D Student 
Academic Year: 2010 - 2013 
 
 
 
 
Supervisor:    Prof. J. R. Nicholls 
                 Dr. R. Wellman 
             Dr. M. Craig 
 
         October 2013 
 
 
  
 
CRANFIELD UNIVERSITY 
 
 
 
 
SCHOOL OF APPLIED SCIENCES 
SURFACE ENGINEERING AND NANOTECHNOLOGY INSTITUTE (SENTI) 
 
Ph.D 
 
 
 
Academic Year 2010 - 2013 
 
 
 
 
NGUNJOH LAWRENCE NDAMKA 
 
 
 
MICROSTRUCTURAL DAMAGE OF THERMAL BARRIER COATINGS DUE TO CMAS 
ATTACK 
 
 
 
 
 
Supervisor:     Prof. J. R. Nicholls 
                   Dr. R. Wellman 
              Dr. M. Craig 
 
October 2013 
 
This thesis is submitted in full fulfilment of the requirements for the degree of PhD.  
(NB. This section can be removed if the award of the degree is based solely on examination of 
the thesis) 
 
 
 
© Cranfield University 2013. All rights reserved. No part of this publication may be reproduced 
without the written permission of the copyright owner 
ABSTRACT 
 
ii 
 
ABSTRACT 
Over recent years, due to a constant desire for higher efficiency engines and hence increased 
turbine entry temperatures and a proportional reduction in CO2 emissions, there is a need to 
understand how molten slags (CMAS: Calcia magnesia alumina-silicate), including volcanic 
ash, affect engine life. Thermal barrier coatings (TBC) are employed together with cooling 
technology to protect engine hardware from the high temperature seen within the turbine and 
combustion zones. At current operating temperatures, CMAS can adhere to the TBC surface 
resulting in premature degradation of the coating. The columnar, high porosity microstructure 
of electron beam physical vapour deposited (EB-PVD) TBCs make them particularly 
susceptible to CMAS/molten deposit attack. CMAS attack of PYSZ is reported in literature to 
be characterised by penetration of the melt along the columnar structure, chemically attacking 
the TBC whereupon yttria is leached from PYSZ and into the melt, creating an yttria depleted 
interaction zone. 
A new approach for classifying and reporting CMAS attack on TBCs is introduced in this 
thesis and a degradation map is created to acknowledge that the mechanism and severity of 
CMAS damage is related to variation in the CMAS compositions. CMAS degradation of EB-
PVD has been extensively studied by previous authors, all reporting similar degradation 
mechanism with varying degree of severity. In this study, this category of CMAS degradation 
mechanism is termed “classic” CMAS attack.  
The primary aim of this study has been to investigate the damage caused by volcanic ash and 
CMAS to materials used within an aerospace gas turbine engine. The thesis investigates two 
aspects. It is recognised that, debris ingested by the engine will cause erosion damage to 
components in the cooler section of the engine (compressor), thus the first part examines this 
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issue. A series of erosion tests with Eyjafjallajokull volcanic ash and similar sized MIL spec 
silica sand have been undertaken with two compressor-typical materials (Ti-6Al-4V and 
Inconel 718). The results were consistent with volcanic ash behaving like fine silica sand 
both at room and at compressor operating temperatures.  The measured erosion rates are 
consistent with a ductile erosion mechanism with peak rates of material loss at lower impact 
angle.  The results would appear to fit classical ductile erosion models where the material loss 
depends on particle velocity and follows a power with an exponent close to 2.4.   
The second aspect investigates chemical/molten deposits infiltration in the hotter section of 
the engine (turbine), especially damage to TBCs. A novel technique of assessing the 
mechanism and severity of damage is introduced, by adopting the concept of Basicity Index 
(B.I.) which has been used in the past in industries such as welding; to determine the quality 
of a weld metal, and in mining; to examine the quality of the slag bi-product which is 
suggestive of the purity of the metal. Here, Basicity Index has been shown to be a good 
indicator of the mechanism and severity of damage caused by molten deposits to TBCs and 
may be used to categorise different modes of attack. 
Three categories of CMAS compositions are identified based on soil composition across the 
world; Low Basicity Index (B.I.) refers to B.I. < 1.8, Mid-range B. I. (Near Neutral deposits): 
B.I. = 1.8 – 2.2, and High B.I.: B.I. = 2.2 or above. Gadolinium zirconate (Gd2Zr2O7) is 
widely accepted in literature to mitigate the effect of Low B.I. CMAS damage. The results 
show that, whilst Gadolinium zirconate (GZO) mitigates Low B.I. attack, it provides limited 
resistance to Near Neutral CMAS attack after an exposure as little as 4h at 1430 °C, while the 
sample showed complete failure after 8h. The attack rate of GZO was increased when High 
B.I. CMAS was used, with complete failure of coating integrity after 4h exposure at 1430 °C. 
This goes to show that, whilst GZO can provide CMAS protection in regions of the world 
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with Low B.I. CMAS composition, it remains susceptible if operated in other regions in the 
world containing Near Neutral or High B.I. compositions. It is believed that with the higher 
temperatures likely to result in next generation aero-engines and with sand chemistry varying 
around the world, basicity driven TBC degradation will become more prevalent. 
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Nomenclature 
The following nomenclature was adapted throughout this thesis to keep in line with the 
generally accepted naming system within the industry. The nomenclature has two 
constituents; the body and the subscript. The body represents the oxides of the chemical 
elements present, i.e. C for calcium oxide (CaO), M for magnesium oxide (MgO), A for 
aluminium oxide (Al2O3) and S for silicon oxide (SiO2). The subscript represents the amount 
of the individual oxides in the overall chemistry, in mole%, for example C35M10A5S50 
indicates a composition consisting of 35 mole% of CaO, 10 mole% MgO, 5 mole% Al2O3 and 
50 mole% SiO2. 
 
 
 
 
 
 
 
Partially yttria stabilised zirconia (PYSZ) referred in this thesis infer to a ceramic 
composition containing 6-8 wt% yttria doped zirconia. 
 
C35M10A5S50 
Calcia Magnesia Alumina-Silicate 
 
Amount present, mole% 
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1 Introduction 
Gas turbine engines operate in a very aggressive environment characterised by high 
temperatures, mechanical and thermal induced loads and the presence of oxidising and 
corroding substances. The design of a gas turbine engine must meet certain essential 
operational criteria in order to withstand these service conditions, whilst providing high 
efficiency and high reliability [1]. Thermal barrier coatings (TBCs) are used to protect aero 
and industrial gas turbine engine from thermally induced damage. Thermal barrier coatings 
(TBCs) consist of a low thermal conductivity material systems which are used to provide a 
thermal insulation to components operating in the hot section of turbine engine (blades, 
vanes, seals and combustion panels). A secondary function of TBCs is restricting the access 
of deposits and contaminants to the substrate materials (Figure 1). This improves the 
durability and energy efficiency of these engines.  
 
(a)                                                 (b)                                 (c) 
Figure 1: (a) Sections of the Rolls Royce Trent 500 gas turbine engine [2]. Vanes (b - plasma sprayed) and 
blades (c - electron beam physical vapour deposited) are components in the turbine section requiring a TBC [3]  
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The turbine entry temperature is directly related to the thrust generated by the engine, thus 
increasing the operating temperature will increase the work output and improve thermal 
efficiency of the engine thus lowering greenhouse gas emission. A temperature increase of 
55.5
o
C leads to approximately 10% increase in work output, yielding an overall increase of 1-
1.5% in efficiency [4] which is reflected in a significant savings in fuel consumption and 
hence emission of greenhouse gases. 
 
Figure 2: Schematic diagram showing sections of a gas turbine engine. 
 
 
Figure 2 illustrates a schematic diagram of a turbine engine and the principles of operation 
can be summarised as;  
 An aircraft engine (e.g. Trent 800) ingests over one tonne of air per second. 
 Inlet air from the fan is compressed, fuel is added and the mixture is ignited. This puts 
more energy into the system.  The increase in energy, E also results in an increase in 
temperature, T. Temperature is directly proportional to thermal efficiency. 
E1 @ T1, E2 @ T2.    T2 > T1,  
Where E1 is the energy at compressor section with temperature T1 (compressor exit temperature) and E2 is 
the energy in the turbine section with temperature T2 (turbine entry temperature). 
 
 
 
t 
  
T1 T2 
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 75% of the engine thrust is produced by the fan compressing the bypass air and 
expanding it through the exhaust nozzle (adiabatic compression) [5]. 
 Energy is also directly proportional to thrust output (mass of air sucked into the 
engine multiplied by its change in speed). 
 Therefore, temperature is directly proportional to power output. 
 It can be concluded that, at higher operating temperatures, the engine’s fuel burning 
efficiency increases and this increases the power output and performance efficiency 
(Figure 3). The propulsive efficiency, ɳp can be expressed in terms of the air inlet 
velocity and the exhaust velocity, as given below; 
      
          
              
       
 
Figure 3: Jet engine propulsive efficiency 
 Also, burning at higher temperature means less fuel is required to produce the 
necessary power, hence more air miles per gallon.  
 High temperature → Thermal efficiency + Low emission. 
             
      
  
  where T2 is the turbine entry temperature (TET) and T1 is the 
compressor exit temperature. Thus an increase in T2 results in an overall increase in the 
efficiency of the engine [6]. 
The efficiency of aero-engines can be reduced by as much as 7% to 10% due to the intake of 
sand/volcanic ash by the engine. This thesis aims to review the effect of airborne particles on 
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aero-engine material performance. Solid particle erosion is prevalent in the compressor 
section while at elevated temperature (turbine section), these ingested particulates may 
deposit onto hot components and melt, leading to molten (chemical) attack of thermal barrier 
coating systems on turbine blades. A Basicity concept is introduced to classify the effect of 
the variation in sand/volcanic ash chemistry around the world. In both cases (erosion and 
chemical attack), the performance of materials can be improved through better surface 
engineering and coatings development.  
 
Figure 4: Performance map of a simple cycle gas turbine engine [1] 
Figure 4 shows the efficiency against the work output of a gas turbine engine. There are 
many factors that affect both the performance and the efficiency of a turbine engine, 
including the mass flow rate of air through the engine and the engine operating temperature 
(turbine entry temperature). The air flow should be clean and unrestricted to prevent engine 
problems such as erosion, corrosion and other deposit induced damage. 
A principal focus of this research is to investigate the effect that molten slags (volcanic ash 
and calcium-magnesium alumino-silicate – CMAS) has on thermal barrier coating systems in 
Net Output Work (x2.33 kJ/kg) 
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the turbine section of a gas turbine engine, with respect to time, temperature and deposition 
flux. A secondary focus was to assess compressor damage, hence the erosion rate of the 
engine compressor components by volcanic ash was also investigated.   
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1.1 Aims 
1) The primary focus of this research was to investigate volcanic ash (akin to CMAS) 
damage to the components in the compressor and turbine sections. 
 In the compressor section: 
 To investigate the erosion behaviour of engine ingested CMAS and/or VA on 
compressor components: 
o Erosion of two typical compressor alloys; Ti64 and In718 
 In the turbine section: 
 To investigate the effect CMAS composition has on the degradation 
mechanisms of EB-PVD TBCs. 
o Suggest how Basicity Index affects the severity of molten deposits 
attack. 
o Propose CMAS resistance TBCs 
 Erosion behaviour of CMAS modified EB-PVD TBCs 
2) This study aims to establish the effects that molten deposits have on the performance of a 
thermal barrier coating system. This study aims to test the effect of slag’s Basicity as a 
factor controlling the severity of molten slag attack, in terms of depth of penetration and 
general coating degradation. With this in mind and with the consideration of the overall 
scope of this study, some critical research questions were formulated; 
1. What is the predominant damage caused by volcanic ash to turbine and compressor 
components? 
2. How can a TBC system that is resistant to this type of attack be designed? 
In recent years, a significant volume of research has been undertaken in this area, especially 
looking into the effect of CMAS attack on TBCs [7-12]. Fewer papers have been published 
Chapter 1: Introduction 
 
7 
 
on the role of volcanic ash. And in both cases, very little research has been carried out 
looking at the minimum level required to initiate damage over a range of temperatures and 
times [13]. This project aims to extend the initial work started in 2009 [13], the first to 
investigate minimum level require for CMAS infiltration and so determine threshold levels 
for both volcanic ash and CMAS. 
1.2 Hypotheses 
1. Compressor Section 
o In the compressor section, variations in temperature, impact velocity and 
particular size will affect the rate and may affect the mechanism of erosion of 
compressor materials. Two representative materials are investigated, a 
titanium alloy, Ti64 (Ti- 6Al- 4V) and a nickel based alloy, IN718 (55Ni, 
21Cr). 
2. Turbine Section 
i. Changing the amount of CMAS deposited will affect the rate of CMAS attack. 
o Independent variable – Mass of CMAS deposit 
o Controlled (constant) variables – Time at Temperature and slag’s Basicity 
o Dependent variable – Severity of attack (Depth of penetration, morphology of 
attack). 
ii. Time at temperature (Severity of exposure) will affect the rate of CMAS attack.  
o Independent variables – Time (hours) and Temperature (°C) 
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o Controlled (constant) variables – Basicity Index and Mass deposited  
o Dependent variable – severity of attack (Depth of penetration, morphology of 
attack) 
iii. The severity of CMAS damage is dependent on Slag Basicity.  
o Independent variable – Basicity Index 
o Controlled (constant) variables – Mass deposited and Time at Temperature 
o Dependent variable – severity of attack (Depth of penetration, morphology of 
attack)  
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2 Literature Review  
2.1 Materials Used in Compressors and Turbines 
Materials selection for the turbine section of an engine limits the maximum temperature a gas 
turbine engine can operate at, in terms of strength versus temperature capability, as 
demonstrated in Figure 5. The gas temperatures in turbine engines vary between 1200
 
°C and 
2000 °C and very few engineering materials can successfully operate at temperatures within 
this range without some degradation. Single crystal nickel based superalloys (such as CMSX 
-4 and CMSX -6) used in turbine blades are capable of operating at the highest peak 
temperature with operation up to 1163 °C. Materials operating under these conditions can fail 
in several ways, including creep, fatigue, corrosion, oxidation and erosion [5]. 
 
Figure 5: Temperature capabilities of classes of materials [14]. 
 
s 
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The compressor is made up of the fan and alternating stages of rotating blades and static 
vanes (Figure 6). The primary function of the compressor section (also known as the cold 
section, relative to the combustor, turbine and exhaust) is to supply enough air to satisfy the 
requirements of the combustor. The compressor is also responsible for increasing the static 
pressure of the mass of air and then discharges it to the combustion burners in an efficient 
manner. The next generation of materials used in the compressor section of commercial 
aircraft engines are required to improve efficiency and increase durability at lower costs 
through a combination of heat resistance, high strength and low weight. Aluminium alloys 
are used at the front of the compressor housing. At intermediate temperatures, titanium alloys 
are used whereas at the highest temperatures, steel alloys are used because of the working 
temperatures increase.  
 
 
 
 
 
 
 
 
Figure 6: Three-shaft configuration of a Rolls-Royce Trent engine illustrating the different stages of the 
compressor. Courtesy of Rolls-Royce [2] 
Fan (LP compressor) HP compressor IP compressor LP turbine 
IP turbine 
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The LP compressor blades, or fan blades, are those blades that you can see. At the front of the 
engine, the low-pressure (LP) compressor blades (also called fan blades) must be strong 
enough to withstand any impact in the event of a bird strike. Engine bird strikes can cause 
immense damage to the engine, in some cases leading to complete engine failure if the 
compressor blades break and get sucked into the engine. The maximum rotational speed of a 
LP compressor blade is limited by stress considerations; therefore a fan blade material is 
expected to provide structural stiffness and strength at the operating temperature, good 
resistance to fatigue, to creep at higher temperatures and containment should a blade fails as 
well as provide high specific properties for lighter rotating parts and effective damping for 
noise reduction. For these reasons the blades are made from titanium alloy, for example Ti64 
or higher creep strength, high temperature titanium alloys. The composition of Ti64 is shown 
in Table 1. 
Table 1: Ti 6Al-4V Chemical and Mechanical Data 
wt% Al V C N O H Fe Y Others Ti 
MIN 5.5 3.5 _ _ _ _ _ _ _ _ 
MAX 6.75 4.5 0.08 0.5 0.2 0.0125 0.3 0.005 0.1 Balance 
 
Alloy 
Melting 
point ℃ 
Density 
g/cm³ 
Tensile 
strength, 
min 
N/mm
2
 
Yield strength  
RP0.2N/mm² 
Elongation  
at 5 % 
Hardness 
Rockwell 
C 
Solution 
treatment  
1634 - 
1664  
4.42  828 759 10 - 18 36 
 
High-pressure (HP) compressor (also known as second stage compressor) is where the second 
stage of air compression occurs. As the air compresses and moves rearward, the air 
temperature is raised by about 290 °C [15]. Nickel superalloys, for instance Inconel 718 
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(composition listed in Table 2, Figure 7) are mostly employed in the final stages of the HP 
compressors due to their high temperature strength and better oxidation/corrosion resistance, 
whereas titanium alloys (e.g. Ti64) are used at the front of the compressor; low-pressure and 
intermediate-pressure (IP) compressor (Figure 7). 
Table 2: Inconel 718 Chemical and Mechanical Data 
 
wt% Cr Ni Mo Nb Ti Al C Mn Si Co Fe 
MIN 17.0 50 2.8 4.75 0.7 0.2 _ _ _ _ _ 
MAX 21.0 55 3.3 5.5 1.15 0.8 0.08 0.35 0.35 1 Balance 
 
Figure 7: Summary of Compressor Section of a Trent Engine. Courtesy of Rolls-Royce 
Alloy  Melting 
point 
℃ 
Density 
g/cm³ 
Tensile 
strength  
Rm 
N/mm²  
Yield 
strength  
RP0.2N/mm²  
Elongation  
at 5 %  
Brinell 
hardness 
HB 
Solution 
treatment  
1260-
1340  
8.2  965 550 30 ≤363 
Ti6Al-4V IN718 
 
LP Compressor 
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The material of choice in the turbine section of a gas turbine engine is the family of Nickel 
superalloys. In turbine blade applications, single crystal nickel based alloys are used in the 
hottest sections with coating technology to minimise the material’s life limiting factors, by 
protecting the base metal (substrate) from high temperature attack and preventing excessive 
microstructural degradation, as shown in Figure 8 [16]. Figure 8 illustrates the various 
components of a thermal barrier coating system, which are used to make maximum use of the 
properties of the applied materials operating in the elevated temperature environment and to 
improve the life of the component [17].  
  
  
 
Figure 8: A schematic illustration of a TBC system [18]. 
Thermal barrier coatings (TBC) are an important part of recent developments to achieve a 
greater turbine inlet temperatures and the production of more environmentally friendly aero- 
engines. Thermal barrier coating will reduce the metal temperature by up to 150
o
C as 
illustrated in Figure 9 [16]. 
Function 
Insulate Superalloy 
Oxygen Barrier, Adhere 
TBC to Bond Coat 
Carry Load 
Produce Alumina; 
Environmental Protection 
Complex Systems Tailored for Demanding Requirements: 
 4 material types and 4 interfaces; each with unique functions 
 Each element has unique physical and mechanical properties 
 Each component can have an effect on the other; all change with use 
 All materials/interfaces need to function together for performance reliability 
~100-400 µm 
           Temp.  
            TBC are Complex Multi-Layer Systems 
Hot Gases 
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Figure 9: Distribution of temperature on surface of a TBC component [16]. 
2.2 Coating Systems within High Pressure Turbines – Thermal Barrier 
Coatings (TBCs) 
 Fundamentals of TBCs 2.2.1
Thermal barrier coatings promote overall turbine engine efficiency by extending component 
lifetimes. TBCs are important in aircraft application because of their ability to withstand 
higher temperatures, thereby allowing an increase in gas turbine engine operating 
temperatures and reduce cooling requirements, which subsequently helps in achieving engine 
performance goals [19]. Initial research into thermal barrier coating began back in the 1960s 
and in the mid 1970s, the first successful test was conducted in the turbine industry. By the 
1980s, this was viable and TBCs were in operation in some commercial aircraft gas turbine 
engines [20]. 
E
B
-P
V
D
 
M
C
rA
lY
 
∆T ~ 
130°C 
∆T ~ 
50°C 
∆T ~ 
40°C 
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Figure 10: Early developmental history of TBCs with magnesia stabilised zirconia (MSZ) in the early days to 
current yttria stabilised zirconia (YSZ) system [20]. 
2.3 Components of TBC System: 
TBC systems consist of a metallic substrate (generally a Ni or Co-based superalloy), a bond 
coat - MCrAlY (where M = Ni, Co or both, with thickness in the range of 75-125μm, [17]), 
PtNiAl or Pt diffused bond coat, which is primarily designed as a local Al reservoir, 
facilitating the formation of a protective α-Al2O3 surface oxide, which promotes bonding 
between the substrate + bond coat and the top coat and also provides protection against non-
protective, breakaway oxidation and hot-corrosion [21]. A ceramic top coat, typically yttria 
stabilised zirconia (zirconia stabilised with 7-8wt.% Y2O3) which acts as a thermal insulator 
and is deposited on top of a thin (< 10 μm, more typically 1 μm for EB-PVD) thermally 
grown oxide (TGO), of α-Al2O3. The TGO is formed as a result of thermal oxidation of the 
bond coat [22], at the ceramic/bond coat interface [23]. The TGO also facilitates the adhesion 
of the ceramic to the bond coat. 
In summary, a TBC system consists of four parts (Figure 11): 
1. A metallic substrate, providing structural strength. For example the single crystal 
alloys CMSX-4. 
TBC system
Year of 
introduction
Bond coat Ceramic coat Design of layers
Early combustion TBC 1963 Flame-sprayed Ni-Al APS 22MSZ Ceramic/bond coat
1973 APS Ni-Cr/Al APS 22MSZ Ceramic/cemet bond coat
1974 APS CoCrAlY APS 22MSZ Graded
1980 APS NiCoCrAlY APS 22MSZ Ceramic/bond coat
Gen I 1984 APS NiCoCrAlY APS 7YSZ Ceramic/bond coat
Gen II 1982 LPPS NiCoCrAlY APS 7YSZ Ceramic/bond coat
Gen III 1987 LPPS NiCoCrAlY EB-PVD 7YSZ Ceramic/bond coat
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2. A bond coat, providing oxidation/corrosion resistance and also promotes bonding 
between the substrate and the ceramic top coat. Examples; diffused aluminides (β-
NiAl, Pt-NiAl), diffused platinum γ+γꞌ structures or MCrAlY overlay coatings 
(NiCrAlY, NiCoCrAlY). 
3. A thermally grown (α-Al2O3) oxide, formed between the ceramic top coat and the 
bond coat due to high temperature oxidation of the bond coat during manufacture and 
later service. 
4. An outer ceramic top coat providing the thermal insulation typically consisting of 8% 
partially yttria stabilized zirconia (PYSZ). Most recently, new ceramic compositions 
have been adopted aiming at lowering further the thermal conductivity [24]. 
 
Figure 11: Thermal barrier coating layers and function of individual sub-layers [17]. 
 The Superalloy Substrate: 2.3.1
The TBC is generally deposited onto a temperature capable alloy, commonly a Ni or Co 
based superalloys. Critical characteristics for a substrate material are: creep resistance, 
corrosion resilience, high temperature strength, ductility and oxidation resilience. There will 
be a trade-off between oxidation and corrosion resistance and strength for the selected 
substrate material, for example, CMSX- 4. However, for the material to be suitable in the 
manufacturing of a superalloy substrate, castability is an important factor [25].  
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In order to maximise performance and efficiency of an aero engine, substrate components 
need to operate in an environment where the gas temperature often exceeds the operational 
limits of the substrate material. TBC protected superalloy substrates are constantly cooled to 
safer operating temperature levels by passing relatively cool air (600 - 700
o
C) through 
internal cooling passages in order to maintain component integrity at high operating 
temperatures [26].  
Since 1950, Nickel-based superalloys have substantially been developed for use in the hot 
section of gas turbine engines. Currently, no alternative, commercially available, metallic 
materials can compete with the high temperature characteristics of Ni superalloys, which 
offer the desirable properties of high-temperature strength and structural stability, creep 
resistance, resistance to fatigue and oxidation as well as high stiffness. The beneficial 
mechanical properties are due to the presence of very stable γ' ordered FCC precipitate 
(Ni3Al, Ti) providing a high temperature strengthening mechanism, due to coherent 
precipitation in the γ'-Ni matrix [27].  Ni-based superalloys generally contain Co, Fe, Cr, Mo 
and W in solid solution in the γ-(Ni) matrix. 
Hence, Nickel-base superalloys strengthening can be defined by two main mechanisms; solid 
solution strengthening and precipitation hardening. Superalloys develop high temperature 
strength through solid solution strengthening. Cr and refractory elements, such as W, Mo, Ta 
are important solid solution hardeners. However, the most important strengthening 
mechanism is precipitation hardening, through the formation of secondary phase precipitates 
such as γ' (as formed in CMSX-4) and carbides. The essential precipitation hardeners in 
nickel based superalloys are Al and/or Ti, with a total concentration typically <10at.%. The 
result of which is a formation of a two-phase equilibrium microstructure, consisting of γ and 
γ'. As mentioned above, the γ and γ'-precipitate fraction/size is largely responsible for the 
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high temperature strength and their incredible resistance to creep deformation. The amount of 
γ' is a function of the chemical composition and temperature, as can be seen in the Ni-Al-Ti 
ternary phase in Figure 12 [28]. Cr and Al within the alloy provide oxidation and/or corrosion 
resistance due to the formation of a protective oxide layer. 
 
Figure 12: The Ni-Al-Ti ternary phase diagrams show the γ and γ' phase field [28]. 
 Bond Coat and the formation of the TGO 2.3.2
2.3.2.1 Bond Coat 
With the recent development of single crystal superalloys used in the manufacture of turbine 
blades, there has been an increase in the percentages of refractory elements used to enhance 
high temperature mechanical properties, at the expense of corrosion resistance elements such 
as aluminium and chromium [29]. This has led to the development of coatings that were 
primarily designed to protect the components from high temperature oxidation. For the case 
of TBC systems, those coatings also act as a bond coat to facilitate the adhesion of the 
ceramic component to the substrate. The primary function of the bond coat is to provide a 
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medium for the growth of a slow growing, stable oxide layer [30]. Table 3 is an illustration of 
the most commonly used types of bond coats, mainly aluminides (NiAl and Ni2Al3), Pt-
aluminide and MCrAlY. 
Table 3: Different types of bond coat 
 
Since the ceramic top coat has a high oxygen diffusion rate (oxygen permeability), the bond 
coat material acts as a source of Al or Cr to form a slow growing TGO, which provides an 
oxygen diffusion barrier to prevent oxygen from reaching the metallic substrate [31]. The 
addition of Al or Cr will protect the metallic substrate against high temperature oxidation, by 
capturing the available oxygen and forming alumina and chromia respectively. Other 
desirable properties for the bond coat material are; chemical homogeneity, formation of α-
Al2O3, and if that is not possible then the formation of chromia scale plus adequate 
creep/yield properties [32]. Ideally, the bond coat material should have a coefficient of 
thermal expansion between those of the top coat material and the substrate, in order to 
alleviate the effect of thermal expansion coefficient mismatch [25]. 
2.3.2.2 Thermally Grown Oxide (TGO) 
The thermally grown oxide is formed between the bond coat and the top coat interface due to 
high temperature oxidation of the bond coat during manufacture and continues to grow in 
Deposition method Bond Coat Topology of surface 
EB-PVD (Two phase or 
single phase) 
NiCoCrAlY, NiAl, NiAlPt Smooth 
APS (Overlay, two phase) NiCrAlY Rough 
Diffusion (Single phase) Aluminides (NiAl, Ni2Al3 and PtNiAl) Smooth 
Electroplating (Two phase or 
single phase) 
NiCrAlYTa, PtNiAl, Pt-diffused Smooth 
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thickness during exposure at elevated temperatures in service. The growth rate of the TGO 
and its adherence to the MCrAlY bond coat, platinum aluminide bond coat or platinum-
diffused bond coat are crucial determining factors for the durability of a thermal barrier 
coating [33]. The performance of the TBC system depends on the functionality of the TGO 
layer. The best TGO layers are of low thickness, are uniform, have a pore free morphology, 
with low oxygen permeability and good adherence to the bond coat [32].  Rapid and uneven 
growth of the TGO leads to localised stress concentrations which can nucleate cracks and 
initiate failure dynamics [21]. The TGO acts as an oxidation barrier to retard the process of 
oxidation of the bond coat and is most effective in this respect if created mainly of α-Al2O3 
oxide [25].  
 Ceramic Top Coat 2.3.3
Yttria stabilised zirconia (partially yttria stabilised zirconia, PYSZ, ZrO2 7–8 wt.% Y2O3; 
usual thickness within a range of 125-250μm)  is commonly used as the top coat for turbine 
blades because of its low thermal conductivity and high coefficient of thermal expansion 
[34], as can be seen from Figure 13, which reduces the thermal expansion mismatch between 
the top coat and the superalloy substrate. The ceramic top coat creates the largest temperature 
gradient, with a temperature reduction in the region of 150
o 
C [16]. The most important 
characteristics for a top coat material are low thermal conductivity (to achieve a higher 
thermal gradient), high melting point (to minimise structural changes through sintering and 
inter-diffusion), strain tolerance and high coefficient of thermal expansion, CTE [34]. Ideally, 
materials for the TBC top coat are desired to have a coefficient of thermal expansion close to 
that of the substrate. The nickel alloys used for gas turbine blades have a CTE from 14.0 to 
16.0 x 10
-6
 K
-1
. YSZ has a CTE of 9.0 x 10
-6
 K
-1
 [16]. The graph in Figure 13 shows thermal 
conductivity and coefficient of thermal expansion of various materials. As illustrated in 
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Figure 13, zirconia and nickel alloys have CTE fairly close to each other but with thermal 
conductivities that differ by an order of magnitude, ideal for a thermal barrier coating system.  
 
Figure 13: Plot of Thermal Conductivity vs. Thermal Expansion Coefficient [16]. 
2.4 Phase Diagram and Phase Stability 
Phase stability is also an important characteristic for a TBC top coat. Zirconia exists as three 
allotropes that are stable at different temperatures. Pure zirconia will undergo a 3-5% volume 
change and phase transform upon cooling from the tetragonal (t) phase to a monoclinic (m) 
phase. At temperature below 1170 °C (the transformation temperature), zirconia is stable in 
its monoclinic phase (m); above 1170 °C but below 2370 °C as the tetragonal phase (t) and is 
stable in its cubic phase  form above 2370 °C. The Y2O3 partially stabilised (6-8wt.%) solid 
solution will prevent the detrimental effect of the transformation to the low-temperature 
monoclinic structure of ZrO2, with its associated volume change, by stabilising the high-
temperature tetragonal crystal structure at all temperature of interest (known as tꞌ) [35]. 
Should this tetragonal to monoclinic transformation occur, it would result in a change in 
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volume and introduces as high as a 10% increase in shear stress which can cause the coating 
to fail by spallation.  
 
Figure 14: Yttria - Zirconia phase diagram.  TBC spallation life in a furnace thermal cycle test as a function of 
Y2O3 content is superimposed. [36]  
Figure 14 shows an equilibrium phase diagram of an YSZ TBC system. The TBC 
microstructure will affect how the top layer of the TBC performs.  As noted earlier, the yttria 
composition of the TBC has a stabilising effect upon the ZrO2.This is reflected in the YSZ 
equilibrium phase diagram above, and properties such as the coefficient of thermal expansion 
and the thermal conductivity will be affected by the yttria content. From Figure 14, it can be 
concluded that; 
 
TBC life (Cycles to Failure) 
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 Cooling to room temperature under equilibrium conditions, partially stabilised Zirconia 
(i.e. composition of 3 to 18 mol% YO1.5) results in monoclinic + cubic (M + F) phase 
transformation, while 
 Cooling a fully stabilised zirconia (i.e. compositions >18 mol% YO1.5) results in only the 
cubic (F) phase, at room temperature, and  
 For compositions of 6 to 12 mol% of the total stabiliser additions to ZrO2 (irrespective of 
the type of stabiliser), TBC life has a maximum value. Figure 14 indicates that this region 
is predominantly where the formation of the metastable tetragonal (tꞌ) phase occurs upon 
cooling. 
 The metastable tetragonal ZrO2 (tꞌ) phase helps prevent the disruptive transformation to 
equilibrium phases of monoclinic and cubic ZrO2 during thermal cycling [37].  
TBC literature supports the view that, superior performance of YSZ TBC for advanced gas 
turbine applications is achieved at a Y2O3 content of between 6 and 8%wt. corresponding to 
7.6 to 8.7mol% YO1.5 [38], part of this data is shown in Figure 15.  
 
Figure 15: Effect of Y2O3 content on the performance of ZrO2 - base plasma spray thermal barrier coatings. The 
graph shows that the optimum cycles to failure of YSZ TBC occur at composition of 6-8%wt. Y2O3 [38]. 
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Table 4: Summary of some important characteristics necessary for a TBC top coat material [39]  
Property Requirement Rational 
Melting point High Operating environment at high temperature 
Thermal Conductivity Low *∆T is inversely proportional to k 
Thermal expansion coeff. High Close to that of the substrate 
Phase Stable Phase change is structurally detrimental 
Oxidation resistance High Operation environment is highly oxidizing 
Corrosion Resistance Good Operation environment may be corrosive 
Strain tolerance High Operation environment imposes large strain ranges 
* The total temperature reduction (∆T) is inversely proportional to the thermal conductivity (k) of the material, 
and given by [40]; 
Where k is thermal conductivity, ∆T is the temperature reduction, ∆x is the coating thickness 
and dQ/dt is a heat flux through cross section A. In order to achieve the greatest ∆T, k has to 
be low and the thickness of the coating should be increased. However, weight is a limiting 
factor and increasing the coating thickness will increase the overall weight of the component. 
2.5 TBC Pore Morphology and Deposition Techniques 
The thermal and mechanical properties of a TBC system are related to the morphology of the 
porosity which is present within the ceramic layer of the TBC. Differences in pore 
morphology depend upon the method of deposition (which includes plasma spraying, electron 
beam physical vapour deposition and more recently plasma spray physical vapour 
deposition). The bond coat is typically deposited by means of either vacuum plasma spray 
    (
 
  
) (
  
  
)    Equation 1 
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(VPS), air plasma spraying (APS), high-velocity oxy-fuel (HVOF), or chemical vapour 
deposition (CVD) processes [41] but can also be formed by electroplating processes [42], 
whereas the two most important methods used
 
for TBC top-coat deposition are APS 
deposition
 
and electron-beam physical-vapour deposition (EB-PVD), [43]. These
 
two 
methods have different characteristics and microstructures, which are further discussed 
below.  
 Electron Beam Physical Vapour Deposition (EB-PVD) Process 2.5.1
EB-PVD is a physical vapour deposition process performed under vacuum conditions, in 
which the ceramic source to be deposited, is heated to a high temperature, resulting in a high 
material vapour pressure using a high energy (focused) electron beam, to create the vapour 
cloud. The vapour cloud consists of atoms, molecules, ions, and clusters of atoms vapourised 
from a source ingot. The substrate to be coated is rotated in the vapour, which deposits on the 
substrate to form the coating (Figure 16).  
 
Figure 16: Schematic of the EB-PVD coating chamber [44], [45] 
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2.5.1.1 Advantages of EB-PVD process 
The EB-PVD process offers extensive advantages for controlling variations in the structure 
and morphology of the deposited materials. The EB-PVD process offers many desirable 
characteristics: it has a relatively high deposition rate (between 4-10 µm/min with an 
evaporation rate of approximately 10-15Kg/hour) but is somewhat slower than the APS 
process. EB-PVD processes also produce relatively dense coatings (73 - 77%, although not as 
dense as APS process, 85 – 90% dense), coatings with controlled composition and 
microstructure, low contamination and high thermal efficiency [44], [45]. The surface finish 
of the EB-PVD coatings is much smoother than for PS coatings, with typical roughness of 
0.5-1 µm Ra. The columnar microstructure of the EB-PVD system (Figure 17) reduces the 
elastic modulus in the plane of the coating. 
 
Figure 17: Micrograph of an electron beam physical vapour deposited TBC. 
Coatings produced by the EB-PVD process usually have a good surface finish and a uniform 
microstructure. The microstructure and composition of the coating can be easily altered by 
manipulating the process parameters such as electron gun current power, powder particle 
size, ingot feed rate and ingot compositions. Coating thickness can also be altered, the typical 
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thickness of an EB-PVD coating is about 150 – 200 µm. Properties and performance of the 
coating is highly dependent upon the coating microstructure and thickness [25; 44].  
 Plasma Spray Process 2.5.2
The plasma spray coating process is a thermal deposition method in which the material to be 
deposited is heated to a semi molten state by an electrical heat source. This high temperature 
partially ionised gas stream propels the molten particles towards the substrate. Plasma spray 
process can be performed in an open atmosphere (air) or in a vacuum (or low pressure 
environment known as vacuum or low pressure plasma spray) [46]. Figure 18 illustrates this 
process, where a stream of inert gas (argon and/or nitrogen) carrying the coating material in 
powder form flows through a cylindrical nozzle into the plasma jet, here it is heated and 
propelled towards the surface of the substrate.  
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Figure 18: (a) Photographs of plasma-spraying equipment and deposition process, (b) schematic of the APS 
process [3] 
APS coating characteristics are influenced by process parameters such as spraying velocity, 
powder size and position of the injected particulates in the plasma. Spraying velocity and the 
position of the injecting particles in the plasma are critical characteristics because they 
determine the physical state of the particles when they reach the surface of the substrate.  
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Figure 19: Topology of APS YSZ coating 
The APS structure is laminar and consists of a rough (4-10 µm Ra) coating denser than EB-
PVD structures (10-15% porosity [16]), coarse, disc-like microstructure with cracks parallel 
to the surface structure, as illustrated in Figure 19. Figure 20 schematically illustrates the 
difference in microstructure between plasma sprayed and EB-PVD coatings [17]. For 
comparison, the EB-PVD method gives rise to a columnar grain structure, which is much 
better under conditions of cyclic thermal gradient and will prevent the build-up of tensile 
stresses due to differences between the coefficient of thermal expansion of the TBC and the 
substrate [47]. 
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Figure 20: Pore structure morphology of EB-PVD and APS TBC [17] (adapted from [48]). 
Optimisation of the TBC pore morphologies improves the overall TBC system performance, 
by reducing the thermal conductivity of the system while retaining a high in-plane strain 
tolerance. Lower thermal conductivity in the region of the TGO/bond coat interface reduces 
the coefficient of thermal expansion (CTE) mismatch strain in the TGO layer, retard the TGO 
growth rate and slow impurity diffusion within the bond coat. Subsequently, TBC materials 
with lower thermal conductivity might allow the design of TBC system with reduced 
thickness, thereby reducing the significant centrifugal load that the system imposes on the 
rotating turbine engine components. 
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The columnar microstructures of EB-PVD TBCs have finer distribution of intracolumnar and 
elongated intercolumnar pores. The intercolumnar pores predominantly become aligned 
perpendicular to the plane of the coating as its thickness increases [49][16]. The large, 
through thickness intercolumnar pores are less effective at reducing through thickness heat 
transfer of the coating, meanwhile the fine intracolumnar pores contribute a moderate 
reduction in the thermal conductivity as they are generally inclined to the heat flow. 
However, EB-PVD coatings have considerably higher thermal conductivity than their APS 
counterparts [49]. Figure 21 and Figure 22 indicate that TBC thermal conductivity is strongly 
affected by the morphology of the porosity in the coating, therefore the coating deposition 
route greatly alters thermal conductivity. 
 
 Figure 21: The effect of pore volume fraction and morphology on the thermal conductivity of a given material. 
In a) the experimentally determined thermal conductivity reduction is shown for plasma sprayed coatings having 
an increasing amount of porosity. In b) the calculated reduction in the thermal conductivity is shown for a 
material in which elongated cracks with different orientations to the heat flux have been introduced [50]. 
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Figure 22: The effect of deposition technique on the thermal conductivity of EP-PVD and PS deposited TBC. 
The choice of deposition technique is largely determined by the application of the coating, 
desired coating characteristics, cost, production rate, temperature limitation of the substrate, 
uniformity and consistency of the process, and its compatibility with subsequent processing 
steps. Chemical and physical conditions during the deposition process can strongly affect the 
resultant microstructure of the coating (i.e., single crystal, polycrystalline, amorphous, 
epitaxial, single or two-phase) [44]. 
Thermal barrier coating systems are used to improve the life of components operating under 
severe conditions including corrosion, oxidation and erosion. Whether applied by EB-PVD or 
APS methods, the process yields distinct characteristics that differ between the methods used 
(Table 5). For example, EB-PVD TBCs have higher thermal conductivity even though it’s 
only ~75% dense and consisting of micro-pores and nano-pores. The thermal insulation 
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mechanism of APS TBCs is similar to that of multilayer TBCs, with the in-plain cracks and 
micro-cracks acting like insulation barriers thereby lowering the thermal conductivity [18]. 
Table 5: Properties of TBCs produced by plasma spray and EB-PVD processes [51] 
Properties/Characteristics EB-PVD Plasma Sprayed 
Thermal Conductivity (W/mK) 1.5-1.9 0.8-1.1 
Surface Roughness (µm) Ra 1.0 10.0 
Adhesive Strength (MPa) 400 20-40 
Young’s Modulus (GPa) 90 200 
Erosion Rate (Normalised to PVD) 1 7 
Microstructure Columnar Laminar 
In order for a TBC system to be used in turbine applications, a combination of low thermal 
conductivity, spallation resistance, erosion resistance, phase stability and pore morphology 
stability characteristics are needed [16]. Low thermal conductivity and spallation resistance 
are the two most critical characteristics in terms of TBC systems application to aircraft engine 
performance. Thermal conductivity is partly dependent on the volume fraction and 
morphology of the porosity within the top coat and also on the gross topcoat microstructure, 
while spall resistance is a function of the mechanical and thermal expansion properties of all 
three layers [16].  
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2.6 Failure Mechanisms of Thermal Barrier Coatings 
The atomic scale structure of ceramic materials determines its properties (such as hardness, 
brittleness, refractory nature, electrical insulator) and may lead to problems within the overall 
TBC structure due to this refractory behaviour necessary to achieve the requirements for a 
TBC system to reduce the temperature of the base metal and provide some resistant to 
corrosion attack (oxidation, hot corrosion) for the components on which it is applied. A 
thermal barrier coating system is required to have a low thermal conductivity and high 
chemical and thermodynamical stability at higher temperature. This is limiting in terms of the 
number of potential materials available; mainly limited to a section of oxide materials.  
Ceramic bonds are covalent, ionic or mixed (both covalent and ionic). The covalent bonds 
involve sharing of electrons whereas the ionic character is given by the difference of 
electronegativity between the cations (+) and anions (-). The low thermal expansion 
coefficient of ceramics will introduce a mismatch of CTE between the ceramic coating and 
the metallic substrate [20]. This drives TBC failure which may occur at the bond coat and 
TGO interface, and sometimes at the TGO/ceramic interface, but normally the former. 
Failure modes of thermal barrier coatings can be classified into two categories: Thermal cycle 
dependent failure governed by strain misfits also termed ‘intrinsic failure’ by Evans et al. 
[52], or ‘extrinsic failures’ which are dependent on external factors [52]. Extrinsic failures 
can be caused by a number of external factors such as dust particle ingestion, leading to 
erosion or in the hot gas paths to the formation of deposits that may melt and infiltrate the 
TBC [18]. Evans et al. [52] proposed a schematic of various degradation mechanisms as 
shown in Figure 23. The various mechanisms associated with thermal barrier coating failure 
are described in this section.  
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Figure 23: A schematic of the degradation model proposed by Evans et al. [52] 
 Thermal fatigue and Temperature dependent cyclic failure 
 Creep of bond coat 
 Sintering and associated shrinkage 
 Erosion damage and Foreign body impact 
 Molten deposits (CMAS and volcanic ash) infiltration and phase transformation 
 Thermal Fatigue and Temperature Dependent Cyclic Failure 2.6.1
Engine thermal cycles (temperature, dwell time, rates of excursions, gradients and cycling 
frequency) play a significant part in TBC failures. Between the substrate and the top layer of 
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a TBC system is a metallic bond coat, MCrAlY or platinum aluminide (PtNiAl), for the 
purpose of providing oxidation resistance. Bond coat oxidation results in the formation and 
growth of the TGO that induces stresses and displacements at the TBC/TGO/bond coat 
interfaces eventually leading to TBC spallation [18]. Bond coat oxidation is one of the 
primary causes of TBC failure [53; 54]. The failure mechanisms of EB-PVD and APS 
thermal barrier coatings differ somewhat, with EB-PVD TBC occurring by spallation of the 
thermally grown oxide or in some cases by crack formation in the TGO whereas oxidation 
failure of an APS will normally occur within the TBC in the vicinity of the TGO, a factor 
which is linked to thermal mismatch between TBC and substrate [55]. TGO thickness grows 
over time during engine operation, resulting in a volume expansion and in-plane compressive 
‘growth’ stresses. Upon cooling to ambient temperature, the system develops very high 
‘thermal’ compressive residual stresses in the TGO, owing to a mismatch in the coefficient of 
thermal expansion with the substrate, reaching about 3–6 GPa [18].   
During thermal cycling, the TGO seeks to relax stresses, by means of releasing strain energy 
(out of plane displacements), preferentially into the bond coat since above the brittle-to-
ductile transition temperature, the bond coat is able to creep, behaving superplastically at 
higher temperatures [20]. Progressive roughening of the bond coat/TGO/top coat interfaces 
occurs during repeated thermal cycling due to the formation of undulations (‘ratcheting’, 
‘rumpling’ or ‘bucking’) within the bond coat surface, as shown in Figure 24. Once the stored 
energies at the interfaces exceed a threshold value, cracks and spallation can occur. Initial 
surface imperfections, including rough bond coat surfaces, are considered to be contributory 
factors to the level of residual stresses and crack initiation. 
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Figure 24: TGO undulations in a thermally cycled TBC (YSZ top coat and NiAlPt bond coat) [18] 
Interdiffusion between the bond coat and the substrate along with growth of the TGO results 
in the depletion of Al in the bond coat. The Al depletion region may promote the formation of 
other oxides that accelerate localised oxidation by providing fast oxygen diffusion paths, such 
as Ni containing spinel. Loss of Al by interdiffusion between the bond coat and the substrate, 
and by bond coat oxidation also leads to phase transformations from β to γ’ and/or a 
martensitic transformation (for a β NiAlPt bond coat) [18]. Several of the concurrent 
mechanisms of thermal fatigue and temperature dependent failure during engine service are 
schematically depicted in Figure 25 (adapted from Clarke and Levi [52]).  
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Figure 25: Schematic summary of several of the concurrent mechanisms occurring in the bond coat, TGO and 
TBC during use at high temperatures [56] (adapted from Clarke and Levi [52]). 
During the early days of TBC application, TGO thickness of ~6 microns was considered in 
industry to be maximum allowable thickness to avoid TBC spallation. Thermally grown 
oxide thickness up to 17 microns has been observed before failure for the β-NiAl bond coat 
by Darolia et al. [57; 58] at GE Aviation. The concept of critical TGO thickness is definitely 
not a very useful guide since the critical TGO thickness strongly depends on bond coat 
composition, impurities, microstructure and thermal cycling history. 
 Conclusions Aimed at Optimising TGO Life 2.6.2
The above scenario suggests the following guidelines for longer TBC life: 
i. Slow growing TGO: Unfortunately this attribute cannot be independently controlled. 
Thermally grown oxide formation and growth depends on the bond coat composition. 
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ii. Create and maintain a strong adhesion between the TGO and bond coat and TGO and 
top coat: It is universally agreed that impurities such as S diffuse to the TGO/bond 
coat interface and weaken it. Also, rapid conversion to α-Al2O3 and minimisation of 
other faster growing oxides (e.g. spinels) is essential. 
iii. Minimise strain mismatch between the bond coat and the substrate. 
iv. Higher yield strength and creep resistant bond coat to avoid rumpling. 
v. Minimal surface imperfections, meaning flat and smooth surfaces. 
vi. Bond coat compositions with slow growing TGO which can tolerate thicker TGOs. 
 Creep of Bond Coat 2.6.3
Creep is a time-dependent deformation under stresses much lower than the material’s yield 
stress. Creep deformation is material sensitive and the temperature range over which it occurs 
differ in various materials. Creep tends to occur at a significant rate at temperatures in excess 
of 0.4 Tm [59]. Creep occurs under the principle that, when a material is loaded with a 
constant load, it will stretch elastically as well as gradual plastic deformation which 
consequently may lead to rupture. Thus, at high temperatures creep often governs the stability 
of materials.  
Creep of the bond coat is a critical factor in the failure of TBCs and is usually active above 
0.6 Tm in °K. Thermal activation of these deformation processes during typical service 
conditions of TBCs occur above 0.6 Tm (°K) of the bond coat materials commonly used. 
Two overlay bond coat materials used in current state-of-the-art TBCs are CoNiCrAlY and 
NiCrAlY alloys and their creep strain rates have been measured experimentally by Thompson 
et al [60; 61]. Thompson et al found that, the steady state creep rates is related to the stress by 
an empirical power law, with stress exponents of ~ 2.9 and ~ 4.5 respectively for the two 
coating systems. The relationship between creep rate and the residual stress states of the 
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aforementioned bond coats was predicted using a numerical model. At temperatures above 
700 °C, stresses in the bond coat relax over time due to creep.  
On cooling down to room temperature, especially at high cooling rates, stresses regenerate 
due to differential thermal contraction and stress levels in the bond coat might be enhanced. 
The reason for this being that at high cooling rates, typical of those experienced by TBCs 
under service conditions, a limited degree of creep relaxation can take place. The level of the 
enhanced stresses will depend on factors such as the relative values of expansivity, creep 
parameters and modulus of the bond coats. Depending on the amount of stress, it is likely to 
enhance the initiation of microcracks and debonding of the TBC hence leading to spallation 
[62]. 
 Sintering and Associated Shrinkage 2.6.4
Another temperature dependent TBC failure mechanism is associated with the sintering and 
densification of the porous structure of the ceramic top coat, resulting in increased thermal 
conductivity and decreased stain tolerance. Sintering occurs when the ceramic top coat of a 
thermal barrier coating is at a sufficiently high temperature. Sintering increases the thermal 
conductivity of the system and also induces in-plane tensile stresses because of the constraint 
of the substrate, leading to shrinkage at the surface of the top coat and consequently causing 
the TBC to fail [18].  
The columnar microstructure of the EB-PVD TBC disappears after sintering has occurred. 
This leads to an increase in Young’s Modulus, resulting to the coating losing its strain 
tolerance and increases top-coat stresses [25]; [63]. Molten deposits that infiltrate the TBC 
also lead to increases in the in-plane Young’s Modulus by 10 fold (from ~ 20 GPa to ~ 200 
GPa) [18], because upon cooling, the molten deposit solidifies and stiffening of the TBC 
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structure occurs leading to spallation of the TBC. The variation in the stress distribution also 
changes the strain energy release rate and failure mechanisms. Phase destabilisation 
(metastable t’ to monoclinic phase) is not currently a TBC life limiting factor since TBC 
operating temperatures are below the threshold of this transformation, though, it is becoming 
an issue for future aircraft engines and power generation turbines that run for extended 
periods of time (e.g. 20 000+ h) [18]. 
 Molten Deposits Infiltration 2.6.5
 Under certain turbine operating conditions (such as in coastal or Middle East regions), 
siliceous materials such as airborne dust, sand, fly ash, volcanic dust, concrete dust and fuel 
residue ingested into the engine accumulate on certain hotter surfaces, generally on the 
concave side of the blade, and melt when sufficiently hot (temperatures above 1240 °C, 
depending on the composition of the deposit). Partially yttria stabilised zirconia ceramics 
(e.g. YSZ) are currently the coating material of choice for four main areas within gas turbine 
engines: as a combustor tiles, HP turbine blades and nozzle guide vanes, as well as abradable 
seals for turbine blade tip-path clearance [64]. Molten deposits, such as CMAS, are known to 
affect the lifetime of components in a gas turbine engine. CMAS is the general name given to 
these deposits, as the predominant oxides are that of Calcia (CaO), Magnesia (MgO), 
Alumina (Al2O3) and Silica (SiO2). However, the composition of CMAS (Calcia-Magnesia-
Alumino-Silicates) varies from region to region across the world, be it run way debris, sand 
or volcanic eruption. Depending on the operating environment, oxides of other elements such 
as iron, nickel, titanium and chromium may also be present in smaller amounts.  
Stott et al. [65] noted that sand chemistry throughout the Middle East varied leading to 
differences in melting temperature of any deposits formed. The composition and properties of 
molten deposits found in an aircraft engine can greatly affect the severity of damage caused 
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[65]; [13]. In the turbine section of a gas turbine engine, the TBC surface temperature may be 
above the melting temperature of CMAS. If so, the CMAS will melt and because CMAS has 
excellent wetting properties, it infiltrates the outer layer right down to where TBC 
temperature equals melting temperature of the CMAS [66]. Figure 26 provides a schematic of 
this mechanism, which then solidifies to form a glassy deposit, causing loss of porosity, loss 
of the columnar structure and a subsequent loss of strain tolerance of the TBC. Due to this 
slag infiltration and solidification, the coating becomes stiffer with a subsequent increase in 
thermal conductivity and a detrimental effect in its insulating capacity. This results in a 
thermal expansion mismatch between the CMAS and TBC, introducing cracks and 
compressive stresses into the system upon cooling to ambient temperature, which are obvious 
to see, resulting in spallation and loss of thermal protection to the superalloy and subsequent 
failure [67].  
 Previous Studies of CMAS Attack 2.6.6
Over recent years, due to the drive for higher efficiency engines and hence increased turbine 
entry temperatures, CMAS attack of TBCs has become an increasing concern [9; 11; 13; 34; 
68] as engine hardware temperatures start to exceed 1300 °C [12; 12; 69]. CMAS related 
TBC failure of engine hardware was first observed in the early 1980’s, especially in aircraft 
engines that were operating near volcanic ash clouds or from siliceous material ingested with 
the air intake (sand, dust, cement and runway debris). Further examination confirmed this 
failure to be linked with a glassy deposit, mostly containing CaO, MgO, Al2O3 and SiO2 
(CMAS). Borom et al. [70] studied the molten deposits obtained from an aircraft engine that 
have been operating in sand laden environment and found CaO, MgO, Al2O3 and SiO2 to be 
the main oxides of these deposits, with appreciable amounts of impurities such as V, S, P, Ni 
and Fe oxides as well as components of the TBC [71]. The same oxide constituent of the 
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deposit was found from aircraft engines that have been operating in the USA, Middle East 
and Far East, although in different amounts. This is an indication that the chemistry of the 
deposits is very similar irrespective of geographical location or time of service. 
The incipient melting point of “standard CMAS” used throughout this study was determined 
to be ~1235 °C. Other CMAS compositions from the open literature are listed in Table 6. 
Smialek et al. [72] analysed an aircraft engine with CMAS deposits, while Aygun et al. [73] 
analysed sand from Iraq. Although there are slight variations, the compositions are very 
similar and the onset of melting is well within the engine operating temperature range. In 
studies involving 7YSZ TBCs exposed to “standard CMAS”, an interaction zone was 
observed, where the zirconia was depleted in yttria, instigating a phase transformation from 
tetragonal to monoclinic and was floating in the CMAS melt [74].  
Table 6: Variation in CMAS compositions used by previous authors. 
Elements 
(mol.%) 
Wellman 
et al. 
(2010) 
[13] 
Aygun 
et al. 
(2007) 
[73] 
Borom 
et al. 
(1996) 
[70] 
Kramer 
et al. 
(2006) 
[11] 
Smialek 
et al. 
(1994) 
[72] 
Rai et 
al. 
(2010) 
[12] 
Wolfgang 
Braue 
(2009) 
[75] 
CaO  35 38 32.1 33 20.9 32.7 33.6 
MgO  10 5 10 9 9.5 9.4 9.9 
Al2O3  7 4 6.9 6.5 7.5 6.8 10.1 
SiO2  48 50 46 45 49.8 46.2 22.4 
TiO2  - - - - 1.8 - - 
Fe2O3  - 1 3.2 - 4.7 3.2 - 
NiO - - 1.6 - 4.2 1.7 - 
Na2O - 1 - - 1.5 -   
K2O - 1 - - - - - 
Research by Kramer et al. [11] reported that the speed at which CMAS infiltrates the TBC is 
quick and found full impregnation of the EB-PVD TBC within four hours at 1240 °C. This 
result showed that CMAS easily wets TBC at temperatures above the CMAS melting point 
(𝑇 
    ) and that the reaction was very quick. Therefore, at temperatures above and/or in 
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the CMAS melting range (𝑇      𝑇 
    ), CMAS wetting and penetration can be expected 
in a short amount of time. Further work by Levi et al. [52] confirmed that CMAS wetting of 
TBC can start within seconds at 1300 °C. Whitman et al. [13] also observed severe damage in 
TBC with small amount of CMAS within 4 hours at 1300 °C.  
The mechanism of CMAS degradation has been extensively studied by Levi et al. [10; 11; 22; 
52; 56; 68; 71; 76; 77]. Firstly, molten CMAS is said to have an excellent wetting 
characteristic and a low viscosity, which enables rapid infiltration into the TBC inter-
columnar gaps, cracks and porous structures, and upon cooling, the melt freezes and the 
CMAS infiltrated TBC becomes stiff, losing its strain tolerance. Delamination cracks can 
therefore develop in the coating leading to TBC spallation during in-service thermal cycling 
[66]. An illustration of this mechanism can be seen from Figure 26. 
 
Figure 26: A representation of a CMAS layer that forms on the TBC and penetrates once it melts [66]. 
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Secondly, a chemical interaction takes place between the molten CMAS and the PYSZ top 
coat ceramic, degrading the column tips and the porous morphology, especially in the upper 
part of the coating. The initially fine-scale micro and nano-porous structure and the feather-
like porosity are replaced by larger globules filled with CMAS. Braue [78] reported the 
formation of a new phase in the interfacial reaction zone which was identified as a Ca-Zr-Fe 
silicate phase, while Stott [65] and later Krämer [12] – [11] suggested that PYSZ dissolves 
into the CMAS until the zirconia solubility limit is attained, in which case the excess zirconia 
is then re-precipitated as a fine grain structure depleted in yttria. Bacos et al. [79] reported 
two types of interaction between CMAS and TBC;  
i. CMAS infiltration into the TBC microstructure  
ii. Chemical attack of the TBC by a dissolution-re-precipitation mechanism, with excess 
zirconia re-precipitated as a new Zr-rich phase and some of CMAS chemical 
elements. 
Both of these interactions are said to lead to the progressive degradation of the TBC top coat, 
via delamination cracks, due to reduction in the compliance of the TBC and loss of column 
integrity and porous morphology. EB-PVD TBC top coats contain porous layers, which 
makes it susceptible to CMAS and volcanic ash attack, with the molten materials infiltrating 
the pores and columnar grain boundaries, resulting in both chemical and microstructural 
degradation of the coating. For the standard CMAS composition, as defined by [13]; [73]; 
[80]; [11]; [72]; [12], there is a large coefficient of thermal expansion mismatch  between the 
molten deposit, which is a glassy material, and the ceramic TBC, which can cause 
delamination and spalling of the TBC from the bond coat, as a result of compressive stresses 
[13]. 
Chapter 2: Literature Review 
 
46 
 
The composition and properties of the deposits found in an aircraft engine can greatly affect 
the severity of damage [65]. Stott et al. [65] had noted that sand chemistry, throughout the 
Middle East, varied leading to differences in melting temperature of any deposits formed. 
Stott et al. [65] also observed that deposits with large calcium contents increased the rate of 
grain boundary and grain attack. Calcium oxide acts as a network modifier and should reduce 
the viscosity of the melt. Calcium has also been observed to be present in re-crystallised 
zirconia and may help stabilise cubic phase of zirconia.  
As has been discussed above, much research has been undertaken in the area of the effect of 
CMAS attack on TBCs, however, none have studied the effect of changing the acidic and 
basic characters of the molten deposits on the performance of the TBC. Also, there are few 
researches that have investigated the critical issue of the minimum level required to initiate 
damage. This project will extend aspects of the initial work started in 2009 by Whitman et al. 
[13], the first to investigate minimum level require for CMAS infiltration, and will extend 
this to investigate the role of CMAS chemistry, in particular the role of acid – base reactions 
on CMAS damage. 
 Erosion Damage and Foreign Object Damage of TBCs 2.6.7
Extrinsic failures of thermal barrier coating have limited the full utilisation of TBCs. 
Extrinsic damage is primarily dependent on the microstructure and properties of the ceramic 
top coat, with the TBC/TGO and TGO/bond coat interfacial properties playing a significant 
role. For erosion and foreign object damage (FOD), factors such as impacting particle size, 
mass of impinging particle, velocity, temperature, rotational speed of the component, impact 
location and impingement angles relative to the specific locations on the component (leading 
or trailing edge) are important in differentiating between these two forms of damage (impact 
or erosion damage).  
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The leading edge of a turbine blade could experience a 90° impact whereas other locations 
are subjected to lower angles of impingement. In the thermal barrier coated combustor liners, 
particles are impacting the surface at about 20° or lower. Deakin et al. [81] demonstrated that 
EB-PVD TBCs are generally 7–10 times more erosion resistant than their APS counterpart, in 
the majority of the particle impingement conditions mentioned above [81]. This finding was 
similar to that observed from analysing field returned hardware. Figure 27 shows an average 
particle size distribution collected from a high pressure turbine blade which has been 
operating in a dust laden environment [9]. Particle size ranges from 10 µm (classified as 
small size fraction – sand, ash and dirt generally ingested with air) to 100 µm (debris from 
upstream engine components such as the combustor). Particles trajectory in the hot gas flow 
path can be mapped with different particles size, rendering impact and erosion damage 
particle size and location specific [18].  
 
Figure 27: Typical particle size distribution in a in a dust collected from a HP turbine blade [18]. 
Examples of impact damage and erosion mechanisms for thermal barrier coated turbine 
blades are given in Figure 28. Areas of impact, noted by compressed and fractured TBC 
columnar structure, can be seen in Figure 28a, and in some areas show cracks propagating 
Typical particle 
size distribution  
Effect of particle size on 
impact and erosion damage  
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from the impact origin to the bond coat/alumina interface, eventually leading to TBC 
spallation. Typical field examples of TBC erosion are characterised by gradual thinning of 
the TBC as shown in Figure 28b. TBC erosion generally occurs on the pressure side pocket, 
and on the suction side near the leading edge of the blade. By understanding the mechanistic 
behaviour of erosion, TBC erosion can be mapped and aid in the design of turbine blades, for 
example thicker TBC can be specified on areas of the blade locations susceptible to erosion 
on the basis of field experience. 
 
a 
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Figure 28: a) TBC delamination at leading edge of HPT blade by particle impact and b) TBC erosion locations 
and microstructural evolution [18]. 
Steenbakker et al. [82] first developed a mechanistic model using a dimensionless parameter, 
D/d, to link erosion damage based on TBC microstructure; column diameter (d) and contact 
footprint (D) of the impacting particle. In a joint collaboration between Columbia University, 
University of California, Santa Barbara, GE, Cambridge University, UK and Harvard 
University [83][84], the D/d model was further developed to illustrate mechanisms of stress 
wave propagation and a schematic of erosion damage initiation and threshold was produced 
(Figure 29). It can be inferred from Figure 29 that increasing the toughness should have the 
most pervasive influence on TBC erosion, through its role in elevating the critical threshold 
and, in some cases, decreasing the removal rate (Figure 29). However, the desired benefit 
b 
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may not be fully realised through increased toughness since the TBC is quite ductile at 
temperatures >900 °C. 
 
Figure 29: Particle erosion mechanism of crack initiation and propagation with low kinetic energy, mainly with 
small particles [83]. 
2.7 Materials for TBCs 
Thermal barrier coatings, coupled with internal cooling, enable metallic materials to be used 
in the combustor and turbine sections of a gas turbine engine where the gas temperature 
exceeds the melting point of metals. Under such condition, the thermal conductivity of the 
ceramic material dictates the temperature drop across the TBC.  
The primary function of TBCs is as a thermal barrier but because of the extremely aggressive 
environment in which they operate, they are required to meet severe performance constraints. 
For example, high melting point, to withstand stresses associated with thermal cycling, no 
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phase transformation between room temperature and the operation temperature, thermal 
expansion compatibility with the metallic substrate, chemical inertness, thermodynamic 
compatibility with the oxide formed by oxidation of the bond coat, good adherence to the 
metallic substrate, erosion resistance, high fracture toughness and resistance to deformation, 
low sintering rate of the porous microstructure [85]. 
However, thermal conductivity and thermal expansion coefficient are the most important 
design criterion that must be met before a material is classed as suitable for thermal barrier 
coating applications. The number of materials found to successfully satisfy all of these 
requirements to be used as a TBC is very limited. Typical properties of various materials for 
TBC applications are summarised in Table 7. The advantages and disadvantages of potential 
TBC materials are also discussed in this chapter. 
Table 7: TBC materials and their properties [86] 
 Zirconia Garnet Ceremics Mullite Rare earth zirconate 
Melting Temperature, K 2973 2243 2123 2573 
Thermal Conductivity, Wm
-1
K
-1
 2.0 3.0 3.3 1.6 
Modulus of Elasticity (TBC), GPa 21 Not available 30 175 
CTE, (1 x 10
-6
) K
-1
 10 9.1 5.3 8.0 - 9.1 
Poisson’s Ratio 0.25 Not available 0.25 ~ 0.28 
Improvements of the current state-of-the art TBC material, YSZ can be achieved by: 
 Post-deposition treatment of the coating with sealants or laser irradiation of the 
surface for better corrosion resistance, 
 Gradient or multi-layered coatings with other materials, 
 Thick TBC for a better thermal insulation coating [86].  
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 Zirconia Based Materials  2.7.1
Yttria stabilised zirconia (ZrO2 doped with 7-8wt.% Y2O3, YSZ) is the current material of 
choice for thermal barrier coating applications both in aero and industrial turbine engines. 
This oxide has several important characteristics for a successful TBC material, compared 
with other ceramics, notably high melting point, low thermal conductivity, high coefficient of 
thermal expansion and chemical inertness when in contact with alumina that grows on the 
bond coat [34; 87]. These YSZ coatings are most commonly deposited using electron beam 
physical vapour deposition (EB-PVD) or air plasma spray (APS) technique.  
Figure 30 shows the microstructures of “as-deposited” APS, EB-PVD and directed vapour 
deposition, DVD coatings (a, b and c respectively). However, YSZ coatings deposited by EB-
PVD method have excellent strain tolerance and better cyclic life than APS YSZ, due to its 
columnar microstructure. A major drawback of the YSZ coating is the limited operation 
temperature for high-temperature, long-term applications because zirconia exists as a 
polymorph and may, with time, undergo a phase transformation. At higher operating 
temperatures, there is a phase transformations from the metastable tetragonal (t') phase to 
tetragonal and cubic (t +c) and then to monoclinic (m), introducing cracks into the system 
due to a 5% volume change. The drive for process efficiency, control and flexibility, cost 
reduction, and composition and microstructural uniformity have led to the development of 
new processes such as DVD and suspension plasma spray from modifications to existing EB-
PVD and APS processes [18]. 
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Figure 30: Microstructures of; a) APS, b) EB-PVD [87] and c) DVD [18] thermal barrier coating top coat  
Rare earth zirconates with a cubic pyrochlore structure, M2
3+
Zr2
4+
O7, (M = rare earth 
element), are being considered as alternate TBC materials because several of the zirconate 
pyrochlores have lower thermal conductivity than YSZ [88]. The crystal structure consists of 
the corner-shared Zr
4+
 site octahedral forming the back bone of the network and the M
3+
 ions 
fill the holes which are formed by 6 Zr
4+
 octahedral sites. Pyrochlores can largely tolerate 
vacancies at the M
3+
, Zr
4+
, and O
2- 
-sites without undergoing phase transformation. However, 
replacing the M
3+ 
ion with larger ions can result in a stable pyrochlore structure up to 1500 
°C, likewise replacement of the Zr
4+ 
ion by a smaller ion can also be used to stabilise the 
pyrochlore structure. They can therefore be formed from a range of cations, since the M site 
can have a charge of 3+ or 2+, and Zr can be replaced by elements with valence of either 4+ 
or 5+. Previously studied rare earth pyrochlores include; La2Zr2O7, La2Hf2O7, Pr2Hf2O7, 
Ce2Zr2O7, and Sm2Ti2O7.  
Table 8: Thermal Conductivity of Potential TBC Materials Compared to Reference YSZ. 
Material YSZ La2Zr2O7 Gd2Zr2O7 Nd2Zr2O7 Sm2Zr2O7 
Thermal 
Conductivity 
(W/m-k) 
2.2 (1273 K) 1.6 (1273 K) 1.6 (973 K) 1.6 (973 K) 1.5 (973 K) 
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 Mullite  2.7.2
Mullite is an aluminosilicate compound with composition 3Al2O3.2SiO2, formed by the high 
temperature interaction of SiO2 and Al2O3 containing compounds. Mullite has been 
considered for TBC applications because of its low density, high thermal stability, low 
oxygen diffusivity (which accounts for its stability in harsh chemical environments), low 
thermal conductivity and favourable strength and creep behaviour [89].  For applications, 
such as in diesel engines, where the operating temperatures are lower than those encountered 
in gas turbine engines, and where the thermal gradients across the coating are large, mullite is 
considered an excellent alternative to zirconia for the purpose of providing a thermal barrier 
coating. Engine tests performed with both materials showed that mullite coated components 
in diesel engines have a significantly longer life compared to zirconia coated parts. However, 
the thermal cyclic life of mullite coatings at temperatures above 1273K is much shorter than 
that of zirconia coatings. Mullite coatings crystallise at 1023-1273K, accompanied by a 
volume contraction, causing cracking and de-bonding.  
 Al2O3 2.7.3
Alumina is considered a possible thermal barrier coating material because of its chemical 
inertness and very high hardness. Kingswell et al. [90] studied the erosion behaviour of 
plasma sprayed alumina coatings compared with that of bulk material of ceramics and found 
that the erosion mechanism of alumina coatings differed from that of bulk sintered alumina. 
Bulk ceramic erosion generally occurs by a combination of fracture mechanisms [91], [92] 
with median and radial cracks developed during particle impaction at the ceramic surface 
[93]. Upon particles rebounding off the impact site, lateral cracks develop parallel to the 
surface which finally follow a curved path before propagating towards the surface, leading to 
chipping and loss of material [94]. 
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Alumina is widely used as an alternative layer in graded and/or composite structures TBCs 
because of its capability of larger temperature drop from the coating surface to the substrate 
and also due to its superior thermal shock resistance compared to that of YSZ [95]. 
Moreover, alumina graded zirconia TBCs possess lower residual stress [96], higher hardness, 
lower porosity and improved adhesion [97].  
In a multilayer zirconia system, alumina acts as a stabiliser for tetragonal zirconia phase by 
the following mechanisms [98]: 
1. Grain-size control in nano-structure coatings, by virtue of its higher elastic modulus 
than zirconia, and 
2. Solid solution formation 
By alumina playing the stabilizer role, it allows the use of lower amounts of other stabilizers 
and thus may reduce their harmful effects, such as oxygen diffusion. This concept is 
important in the effort to produce molten slag (CMAS and VA) resistant thermal barrier 
coating. More on this is discussed in the chapter “Designing CMAS resistant coatings”. 
 Rare Earth Elements 2.7.4
Rare earth oxides (La2O3, Yb2O3, CeO2, Dy2O3, Pr2O3, Nb2O5 and Gd2O3) have shown great 
potential as candidate component oxides for rare earth lanthanide doped for thermal barrier 
coatings, due to their lower thermal diffusivity and higher thermal expansion coefficient, 
compared to that of the current state-of-the-art TBC material, partially Y2O3 stabilised ZrO2. 
However, most of the rare earth oxides are polymorphic at elevated temperatures and this 
phase transformation will, to some extent, affect their ability to resist thermal shock [89]. 
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2.8 Physiochemical Studies of VA and CMAS 
Volcanic ash (VA) and synthetic CMAS both possessed very important physical (density, 
viscosity and melting points) and chemical (Basicity Index and oxidation potential) 
properties, all of which are strongly influenced by the chemical composition, structure of the 
slag and temperature [99]. Viscosity is an important parameter for high temperature systems. 
Experimentally, it is difficult to measure the viscosity of CMAS or volcanic ash since it 
requires specialist ultra-high temperature equipment. For this reason, CMAS viscosity has not 
been researched therefore it is not available in the open literature. Therefore, chemical 
compositions have been used to estimate viscosity as a function of temperature, based on 
Giordano’s viscosity model [100]. The compositional dependency of viscosity as highlighted 
by Giordano’s viscosity model is discussed in more detail in section 2.9.1. In this work, three 
different slag compositions have been studied with different Basicity Index. Also, trends in 
viscosity for different slag compositions have been identified, as a function of temperature. 
All the oxides in CMAS are also found in VA, although in different fractions, as illustrated in 
Table 9. Volcanic ash also has a significant fraction of iron oxides as well as alkali-metal 
oxides, both of which lower the melting point. 
Table 9: Chemical composition of VA and Standard CMAS 
 
The volcanic ash analyses given in Table 9 are an average of 15 analyses taken randomly 
from an Eyjafjallajokull volcanic ash sample. These analyses agree well with the composition 
published by Sigfusson et al. [101] and it suggests this volcanic ash belongs to the 
Minerals  Melting 
point (°C)  
SiO2 Al2O3  CaO  MgO  Fe2O3  Na2O  K2O  TiO2  
Volcanic 
ash (wt.%) 
1160 59.6 15.1 4.4 1.3 10.1 5.7 2.4 1.5 
CMAS 
(mol.%) 
1245 35.0 7.0 48.0 10.0 - - - - 
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trachyandesite or latite family of igneous rocks characterised by an intermediate silica content 
[102]. The CMAS composition falls within the pseudo-wollastonite region in the CaO-SiO2 -
Al2O3 ternary phase diagram [103]. Pseudo-wollastonite has the stoichiometric formula 
CaSiO3 and is a high-temperature crystalline phase.  
2.9 Viscosity  
The viscosity of the melt has a marked effect on the rate of penetration. At constant 
composition, the rates of mass transport and thermal transfer by diffusion are related 
inversely to the viscosity of the melt [104]. Viscosity is an internal property that describes a 
fluid's resistance to flow. The temperature and the chemical composition of the melt are 
instrumental in determining the viscosity of a slag system. The viscosity behaviour of high-
silica slags is governed by the ratio of SiO2 to modifiers, whereas for low-silica melts, the 
important factor in determining melt viscosity is the ratio of CaO to modifiers or alkali [105]. 
Volcanic ash and the CaO-MgO-Al2O3-SiO2 slag system, of varying compositions, were 
considered in this study. It follows that, the viscosity of a molten slag is raised if the 
structural complexity is increased, due to increase in the concentration of network-forming 
ions in the ortho-silicate-silica composition range [104]. 
Melt viscosity can be calculated from an Arrhenius equation, which gives the temperature 
dependence of viscosity [106]: 
       (
 
  ) Equation 2 
Where   = viscosity of slag, A = Pre – exponential term, E = Activation energy for viscous 
flow, R = Gas constant and T = Temperature, in Kelvin. 
As mentioned above, slag viscosity is a function of the slag composition, temperature and the 
structure (oxygen partial pressure) of the system [99; 107]. Viscosity plays an important role 
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in the adhesion of ash particles, their vitrification and solidification process [108]. Slag 
viscosity will therefore have significant effects on both the depth of penetration and 
dissolution rate of TBCs, with the depth of penetration controlled by wettability (surface 
energy/tension) and viscosity of the melts [109].  
 Basicity Index and Melt Viscosity 2.9.1
The Basicity of molten deposits greatly affects the viscosity, as was proposed by Seok et al. 
[110]. Basicity – Viscosity model (Figure 31) predicts High B.I. melt to be less viscous than 
Low B.I., which was found to be the case in this study, with Low B.I. deposits forming a 
viscous glass at the surface of the sample (Figure 86) while High B.I. melt quickly formed a 
melt pool at the bottom of the coating.  
The viscosity values for three different slag compositions were calculated based on the 
viscosity model proposed by Giordano et al. [100], at two separate temperatures (their 
melting points and melting points + 50 ºC). The relationship between viscosity and basicity is 
shown in Figure 31; the trend observed is a polynomial curve and the results would suggest 
that the higher the Basicity Index of the slag, the lower is its viscosity. 
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Figure 31: Effect of Basicity Index on viscosity as predicted by Giordano’s thermodynamic model [100] 
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 Effect of oxide content on the viscosity of volcanic ash and CMAS 2.9.2
It has generally been considered that a liquid slag contains molecular compounds. These are 
assumed to be dissociated into the component oxides (CaO, SiO2, MgO and Al2O3) to an 
extent which varies with the composition. Pure silica and silica rich melts have a very high 
viscosity (~1 x 10
5 – 1 x 104 Pa s) at the melting point (1600 – 1725 °C). These melts are also 
characterised by a very weak tendency to crystallise; on rapid cooling a glass is formed which 
differs from a solid to the extent that the long-range atomic ordering of the crystalline state is 
absent [104]. Addition of basic oxides decreases the viscosity by breaking the hexagonal 
network of silica, as shown in the reactions below: 
  CaO Ca
2+  
 +   O
2- 
 
 
  Na2O   2Na
2+  
 +   O
2- 
 
The structure of basic oxides (CaO and MgO) is a close-packed array of oxygen ions with the 
cations accommodated in the intervening interstices (Figure 32). Most of these oxides form 
- - 
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structures similar to that of sodium chloride [111], in which each cation is surrounded by and 
in very close proximity to six oxygen anions (co-ordination number of six). This is called an 
octahedral co-ordination [104].  
 
Figure 32: The structure of calcium oxide (redrawn based on [111]), illustrating the 6–fold coordination. 
SiO2, Al2O3, CaO, MgO, and Fe2O3 are the major oxide constituents in volcanic ash. Model 
CMAS is in loose chemical combination with CaO, MgO, Al2O3 and SiO2. The amount of 
SiO2 determines the acidity of the melt, whereas the CaO and MgO content in the melt affects 
the basicity. Al2O3 meanwhile is amphoteric and can act in both ways. Seok et al. [110] 
describe the CaO/SiO2 ratio as the most important factor in determining slag basicity. This 
ratio was also used in his study as an indication of the slag viscosity. From this work one can 
draw the following observations: 
 Viscosities increased with decreasing temperature, following an Arrhenius law.  
 The melt Basicity has a more dominant effect on viscosity. Increasing Basicity lowers 
slag viscosity due to the break-up of the silicate oxides in the slag. These observations are 
in line with Liang et al.’s [112] investigation on the effect of Basicity on melting point 
O
2-
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X 
X 
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and viscosity of slag; who found that, with increasing slag Basicity, viscosity decreased 
sharply with a fall in the melting point. 
 Increasing the amount of CaO decreases the melt viscosity by breaking the Si-O-Si 
linkage. 
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Figure 33: Effect of CaO on melting temperature (see Appendix B) as predicted by Giordano’s thermodynamic 
model [100]  
The effect of CaO addition on the melting temperatures of slag is shown in Figure 33. The 
graph illustrates an increasing trend, which indicates that CaO acts as a network modifier and 
increase the melting temperature with increased CaO in the slag composition. However in 
Figure 34, the relationship between CaO addition and the Basicity Index of the deposit is 
shown. It can be observed that increasing CaO content has an increasing effect on slag’s 
Basicity index, whereas the effect of SiO2 content is a mirror image to that of CaO (Figure 
34) showing a decreasing pattern with increasing SiO2 content. 
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 Figure 34: Effect of oxide content on slag’s Basicity Index (see Appendix A) 
 The viscosities depend on Al2O3 and Fe2O3 content more strongly than MgO content. 
 Al2O3 and MgO lead to an increase in the slag’s viscosity. 
 Increasing Fe2O3 content lowers the melting temperature of the slag and also lowers the 
melt viscosity. 
 In the system CaO-MgO-Al2O3-SiO2, the viscosity increases rapidly with increasing SiO2 
content [104]. The effect of SiO2 content on the melting point of five different slag 
compositions is shown in the graph in Figure 35. A decreasing trend is observed, clearly 
suggesting that, slag’s melting point decreases with an increase in its SiO2 content. Hence 
it can be concluded that, the observed pattern is in direct contrast to that observed for the 
effect of CaO content on the melting temperatures of slags.  
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Figure 35: Effect of SiO2 content on melting temperature (see Appendix B) as predicted by Giordano’s 
thermodynamic model [100] 
 From the above, it can be deduced that SiO2, Fe2O3 and Al2O3 contents would have a 
dominant effect on sintering resistance and phase stability of 7YSZ thermal barrier 
coatings. Even very small amount of these oxides result in more rapid sintering of TBCs 
[110]. 
 Miller and Shott [113] examined the influence of basicity on the leaching rate of molten 
slag in steel making. Re-examining their results showed that CMAS induced damage as a 
result of leaching increased with increasing basicity. Theoretically, “standard” CMAS and 
volcanic ash are expected to have similar degradation mechanism (as both belong in the 
low B.I. category, B.I. < 2). However, the damage caused by CMAS is expected to be 
more severe compared to volcanic ash attack, since CMAS has higher basicity index than 
volcanic ash, 1.08 and 0.46 respectively, should all other factors be equal. 
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2.10 Melting Properties of Synthetic CMAS and Eyjafjallajokull Volcanic 
Ash 
Differential Scanning Calorimetry (DSC) was used to study the glass transition temperature 
(Tg) and the crystallisation temperature (Tc) of the synthetic CMAS and volcanic ash. Figure 
36 illustrates a DSC trace of melt transition for Eyjafjallajokull volcanic ash. Eyjafjallajokull 
ash has a melting temperature in the range of ~11300 - 1145 °C, which is less than the 
operating gas temperature of a turbine engine, about 1400 to 1600 °C. At this temperature, 
ash ingested in the engine will melt to form a glass and because there is a temperature 
gradient continuously across the engine, on cooler surfaces, the molten ash will form a solid, 
but glassy, deposit on the TBC top coat. 
 
 
 
 
 
 
Figure 36: DSC trace of Eyjafjallajokull volcanic ash  
In a high temperature gas turbine environment, volcanic glass would tend to melt first, 
because it has the lowest transition temperature, and consequently the lowest melting 
temperature. Molten volcanic glass has a high viscosity, which inhibits crystallisation as the 
material cools and loses volatiles. When volcanic ash is ingested into operating aircraft 
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engines, it is the melting temperature of volcanic glass particles that will determine the 
operating temperatures below which the ash will remain solid in the engine [114].  
Both transition and melting temperatures are critical for molten deposit attack. Solid state 
diffusion of CMAS species may attack the TBC in situations where the TBC surface 
temperature (TTBC) is less than the CMAS melting temperature (TMelting), but close enough to 
the transition temperature (Tg) of the melt (TTBC < TMelting, but TTBC ≈ Tg). However, where 
TTBC (TBC surface temperature) > Tmelting (melting point of the deposit), melting occurs and 
the TBC is infiltrated by the CMAS melt. This liquid form of CMAS attack turns to be faster 
compared to the slow, long-term solid state attack. 
 Physical Aspects of the Eyjafjallajökull Ash 2.10.1
Studies carried out by the Institute of Earth Sciences, University of Iceland, Sturlugata on the 
Eyjafjallajökull volcanic ash showed a pattern in the physical characteristics of the ash. Using 
electron microprobe analysis (EMPA), these authors found that, the early ash from the 
hydromagmatic, explosive ash (termed in this paper as small particles, but often referred to as 
phreato-magmatic ash) was surprisingly soft, light, and powdery [114]. The explosive 
character of volcanoes is caused by the silica-rich melt, which often contains dissolved 
volatile components, such as H2O or SO2 [114]. Explosive ash has distinct characteristics, as 
a direct result of its explosive origin, the particles appear cohesive with the consistency of 
flour.  The Institute of Earth Sciences, University of Iceland, also concluded that the later, 
magmatic ash particles were more typical (referred to here as large particles); it was granular 
with the consistency of dry sand. 
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2.11 Role of Volcanic Ash in Gas Turbine Engine 
Jet engines require large amounts of air in order to generate thrust. The Trent 800 bypass 
engines ingest 1000m
3
 of air every second and the air includes sand, dust and volcanic dust 
particles, if the aircraft has travelled through the path of volcanic plumes. These particles will 
cause severe degradation to components of the turbine engine [115]. Molten volcanic ash has 
a detrimental effect on turbine blades due to its chemical attack of TBCs. Material 
degradation is a major problem since components have to operate in an environment that will 
invariably degrade their performance. Modern jet engines operate at temperatures well in 
excess of the melting point of volcanic ash, at least 300 
o 
C hotter than the melting point of 
volcanic ash. The volcanic ash melts in the combustion chamber and the molten glass sticks 
onto the turbine blades in the right conditions (not 100% of the molten ash entering the 
turbine will adhere to the blade). The basic conditions for ingested volcanic ash to ‘stick’ on 
the surface of a turbine blade are discussed in more detail in section 2.11.1. The turbine 
blades will then be covered by a layer of molten glass, forming a coating layer of molten ash 
on the surface of the turbine blade, which degrades the thermal barrier coating. 
Understanding the various degradation mechanisms and their effect on overall life of the 
engine is paramount.  
Elsewhere in the engine, volcanic ash can erode the compressor, block cooling holes and 
interfere with combustion through the disruption of air flow. 
Turbine engines ingest 1000m
3
 of air every second 
1m
3 
of air = 1kg 
1000m
3
 of air = 1000kg. 
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The limit of tolerable volcanic ash density set by the Civil Aviation Authority is 2 × 10
-3 
grams of volcanic ash per cubic metre of air (2 × 10
-3 
g/m
3 → 2 mg/m3), although this figure 
has since been doubled to 4 mg/m
3 
by the aircraft industry and engine manufacturers. This 
amounts to 4 g/s of volcanic ash passing through the engine. An aircraft engine is designed to 
operate in 78% nitrogen, 21% oxygen and some trace gases. In a dense ash cloud, there is a 
possibility of the air mixture falling short of the 78/21 split. 
Calculating at the maximum permissible limit (4 mg/m
3
), per second; 
The engine’s bypass ratio determines the actual amount of ash that passes through the 
combustion chamber and subsequently enters the turbine section. The bypass ratio is the ratio 
between the mass flow rates of air which bypasses the engine core (un-combusted air), to the 
mass flow rate of air passing through the engine core and is involved in the combustion 
process to produce mechanical energy. The Trent 800 engine has a bypass ratio of 6.2-5.7 [2],  
meaning for every 1kg of air that passes through the combustion chamber, ~6kg of air passes 
around it through the ducted fan alone. 
An aircraft engine will ingest 1000m
3 
of air per second, meaning 4000 mg (4 g) of volcanic 
ash particles enter the engine every second, at an ash load of 4 mg/m
3
. However, with a ~6:1 
bypass ratio, assuming everything else being equal, 3.4 g of ash contained in the 1000 m
3
 of 
air bypasses the engine core and remains un-combusted, whilst 0.6 g passes through the 
engine core and into the turbine section before possibly being deposited on the turbine blades. 
Trent 800 bypass ratio 6.2 – 5.7 
Per second, 1000 m
3 
of air                        4 g of volcanic ash 
~6:1 bypass ratio                        3.4:0.6 volcanic ash ratio 
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  0.6 g of volcanic ash gets into the core of the engine every second. 
Therefore, for every minute, the engine swallows; 
0.6 × 60 = 36 g/min 
 And for a seven hours flight to New York; 
0.6 × 60 × 60 × 7 = 15.12 kg of volcanic ash passes through the engine core, at the allowable 
limit. 
This amount of ash is likely to cause serious damage to an aircraft engine in terms of erosion 
(compressor section) and molten slag attack (combustion and/or turbine section). For this 
reason, it is important to establish a threshold of ash density that an aircraft can tolerate safely 
and to establish a correlation between ash density and exposure time. Volcanic ash can cause 
both short term and long term damage to engines that have passed through volcanic ash 
plumes. 
 Short term damage: If volcanic ash density exceeds the critical threshold level. This 
causes severe compressor erosion, cooling holes blockage and engine surge. 
 Long term damage (below threshold level): Progressive damage to the combustor and 
turbine through molten slag attack. How often should aircraft engine be serviced? 
How long should turbine blades last? 
Overall, this result in a difficult decision for aircraft industry, as two vital but opposite factors 
are intertwined, Safety and Costs. Grounding an aircraft for repair is costing airline 
companies in terms of lost revenue and the cost of repair, whereas the decision not could 
jeopardise passenger safety. 
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 Adhesion of Environmental Dust to Turbine Engine Components 2.11.1
There are several conditions that must be satisfied in order for particles ingested by a gas 
turbine engine to “stick” on engine hardware, including sufficient service temperatures to 
instigate melting or at least soften of the particles. For this to occur, the service temperature 
has to be greater than or equal to the glass transition temperature (Ts ≥ Tg).  Three factors are 
said to affect the probability of particulate adhering to engine hardware [116]. These are the 
particle temperature, gas temperature and the turbine surface temperature, at the point of 
impact. The gas temperature defines the particle temperature, which then determines the 
physical state of the particles (a factor related to the hardness of the particle); solid, liquid or 
partially molten - and in the latter case the melt fraction becomes significant. The state of the 
particle influences whether they rebound from the surface (causing erosive damage) or 
instead are likely to stick. The heating and acceleration behaviour is also a function of 
particle size. Particle size also determines the amount of inertia a particle has, and when it is 
carried by a fast moving gas stream, this will affect whether the particle will follow the 
streamline or deflect away from it, if the flow happens to turn rapidly [116]. 
 Effect of Volcanic Ash and CMAS Ingestion in the Compressor Section –2.11.2
Erosion 
Volcanic ash particles of various sizes enter the engine and first impinge on compressor 
blades at a variety of angles. The erosion behaviour of two typical compressor materials 
(IN718 and Ti64) were studied in this project and results presented in a later chapter. Figure 
37 shows samples in the “as received” condition and after an erosion run. 
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Figure 37: Erosion samples before and after test. 
The compositions of these two alloys are given in Table 10.  
Table 10 : Chemical compositions of Ti 6Al-4V and In 718 alloys 
Ti64 
Wt.% 
Al V C N O H Fe Y Others Ti 
6.75 4.5 0.08 0.5 0.2 0.0125 0.3 0.005 0.1 Balance 
In 718 
Wt.% 
Cr Ni Mo Nb Ti Al C Mn Si Co Fe 
21.0 55 3.3 5.5 1.15 0.8 0.08 0.35 0.35 1 Balance 
Erosion-induced degradation: In a gas turbine engine, erosion damage occurs in the 
compressor section (cold section, temperature up to 700
o
C). Sand and volcanic ash that 
impacts the surface of a compressor blade will result in slow but steady loss of material. 
Volcanic ash that gets sucked into a gas turbine engine are carried in the airstream and can 
cause severe erosion damage by solid particle impacts to compressor components whilst 
travelling through the engine. Volcanic ash particles can be sharp edged and highly abrasive, 
especially when larger particles are fragmented by impact. The extent of the damage caused 
depends upon factors such as; particle size and density of VA, the angle of impact, velocity 
(blade tip speeds and impact velocities) and operating temperature.  
Ti64  
In 718 
 
After 
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Solid particle erosion is the subsequential loss of material by the impact of small solid 
particles suspended in the gas stream [117]. Due to the tight tolerance with which modern 
turbine engines are built, the problem of erosion cannot be avoided, as illustrated in Figure 
38. 
 
Figure 38: Erosion problem in a gas turbine engine [118] 
Erosion damage of compressor components increases with total mass of impacting particles, 
flow turning and gas velocity, and with decreasing blade size. The erosion rate (E) for solid 
particle impact is given as a function of mass of material loss against the mass of impacting 
material.  However, for a true comparison between different materials with different physical 
properties, the volume of materials is preferred to the mass of material loss because it takes 
into account the difference in density between them [119]-[120]. The rate at which erosion 
occurs is measured in units of (g/g), (cc/g), (g/kg), (cc/kg). 
             ( )    
                                      
                           
 Equation 3  
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Particles size also has an effect on the occurrence of erosion, a minor effect on erosion rate 
and may influence the mechanism. Fine particles (<1-2 µm) will generally flow within the 
gas stream and cause little erosion [121]-[122]. Particles size between 2 µm and 10 µm may 
impact angular surfaces, where significant local aerodynamic effects modify the particle 
impact conditions. Medium sized particles (10-20 µm) cause erosion to the trailing edge of 
turbine aerofoils [123]. Coarse particles (>40 µm) move relatively slowly in the gas flow and 
can be hit by the rotating turbine hardware damaging the leading edges [124]-[125]. The 
graph in Figure 39 shows the steady state erosion rate as a function of impact angle and 
particle size. The graph also shows a small dependency of the erosion rate on particle size 
when volcanic ash is the erodent.  In this case, medium sized particles are more erosive than 
fine and coarse size fractions at all impact angles, with the fine particles being more erosive 
than the coarser particles at all impact angles for IN718, but for Ti6Al4V this is only at 30° 
impact angle. In an engine, this would further be modified by aerodynamic behaviour as a 
function of particle size. 
 
Figure 39: Bar chart of steady state erosion rates as a function of particle size with volcanic ash as the erodent, 
test at 6.5 bar, estimated gas velocity 252m/s. 
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In order to better understand how small solid particles, suspended in a gas stream, are able to 
cause damage in an aircraft engine, the mechanisms of solid particle erosion and factors 
affecting them will be discussed.  
 
Figure 40: Erosion rig at Cranfield University 
2.11.2.1 Mechanisms of Erosion 
Erosion damage by solid particle impacts can occur in several ways, depending on the 
material properties and the angle of impact. Material removal occurs by micromechanical 
deformations and fracture processes such as; cutting, ploughing, extrusion and fragmentation 
[119; 120].  
Finnie [126] developed a relationship between a material’s hardness and its erosion resistance 
for pure metals, as can be seen on Figure 41. It can thus be concluded that higher hardness 
results in higher erosion resistance of the material, unless the material has undergone thermo-
mechanical processes in order to increase its hardness, such as work hardening or heat 
treatment, where upon the erosion rate is less dependent on the increase in Hv. From this 
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figure, one would deduce that the erosion rate (E) is inversely proportional to the hardness 
(H), as shown by Equation 4. 
  
 
 
 Equation 4 
Where the performance coefficient may depend on the alloy crystal structure, number of slip 
systems, hence ductility. 
 
 
  
 
 
 
 
 
 
 
Figure 41: Correlation between hardness and erosion resistance for pure metals [126] 
 Erosion mechanisms fall under the following categories; 
 Ductile erosion 
 Brittle erosion 
 Erosion of multilayers 
 Erosion of dual phase materials 
 Erosion-corrosion 
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The two main mechanisms of erosion are ductile erosion and brittle erosion. The former 
involves plastic deformation and cutting processes, while the later involves crack formation, 
propagation and then interaction. Experimentally, ductile and brittle erosion can be identified 
depending on the angle at which maximum erosion occurs, as shown in Figure 42. If 
maximum erosion occurs at low impact angles, then the material is said to behave in a ductile 
manner, whereas a material will exhibit brittle behaviour if maximum erosion is associated 
with maximum impact angles of 90
o
, i.e. normal incidence [127]. Brittle-to-ductile transition 
behaviours have also been recognised by various authors [128]. 
 
Figure 42: Ductile and brittle erosion behaviour with varying degree of impact angle, [127]. 
When particle velocity and size is decreased, eventually the particles are not able to initiate 
cracking and will only plastically deform the material. This change in mode of erosion is 
known as the ductile–brittle transition [128]. 
2.11.2.1.1 Ductile erosion mechanisms 
The erosion of ductile materials is predominantly due to localised plastic deformation and it 
is related to the particle impact angle and velocity. At low impact angles (below 30° to 60°), 
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the predominant mechanism of solid particle impact is by cutting wear. On the other hand, 
particles impacting at a greater angle will cause loss of material by an extrusion mechanism 
or ploughing. However depending on the particle size and velocity, fragmentation of the 
particles can also occur and damage the surface for a second time [129]. 
 
Figure 43: Ductile erosion mechanisms, [130] 
2.11.2.1.2 Brittle erosion mechanisms  
Brittle erosion is characterised by cracks that radiate out from the point of impact. An 
impacting particle will lose kinetic energy and as a result, will rebound with less mechanical 
energy. This irreversible kinetic energy loss is theoretically available to cause a deformation 
in the shape of a crack and/or the removal of a piece of previously cracked material, prior to 
conversion into internal energy [127]. However, the degree of damage will depend on certain 
factors such as impact angle, temperature, impact velocity, particle shape and size. For brittle 
erosion the peak rate occurs at normal impact angles. 
The crack morphology can be classified as radial and lateral cracks or Hertzian cracks, 
depending on the shape of the impacting particle and the deformation caused during impact. 
Radial and lateral cracks are created when the target material is impacted by sharp edged 
particles, and can also result due to local plastic deformed zone.  Hertzian cracks, meanwhile, 
are created by rounded particles impacting the target material, with no post impact plastic 
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deformation zone [117]; [131]-[132]. The extent of fracture of the impacted material depends 
on its mechanical properties (in particular its resistance to crack initiation and its fracture 
toughness) and on the energy transmitted by the projectile (function of its velocity, density 
and shape) [133]. 
 
Figure 44: Brittle erosion mechanism, [134] 
 Factors that Affect Erosion Rate of a TBC 2.11.3
As seen above, solid particles erosion are different depending on whether the material is 
ductile (compressor materials) or brittle (ceramic TBCs). Thus there are several factors that 
affect the rate of erosion; 
 Microstructure of the coating, that is, for TBC systems, laminar plasma sprayed 
coating versus columnar EB-PVD coating 
 Porosity of the TBC top layer 
 Size, hardness, velocity and flux of the impacting particles 
 Impingement angle 
 Exposure temperature [135] 
 Erosion Resistance 2.11.4
Erosion resistance can be expressed in relation to the mechanism of erosion involved. This 
takes into consideration the effects of process variables on erosion, such as impact angle and 
velocity, with respect to the erosion mechanism involved. 
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2.11.4.1 Ductile Materials: 
As mentioned above, ductile erosion involves the removal of material due to localised plastic 
deformation and is related to the energy absorbed by the system (related to the kinetic 
energy). Finnie [126] proposed the following model for the ductile erosion mechanism:  
Given the volume of material removed:  
  
   
 
  ( )     Equation 5 
But he found that:  
          Equation 6 
Furthermore:  
  
                       
                           
 
   
 
 Equation 7 
Thus:  
        
 
 
  ( )     Equation 8 
Where: 
 
V = Volume of material removed from the surface 
E = Erosion rate (volume loss / impact mass) 
ρ = Density of the target material 
H = Hardness of the target material  
c = Fraction of particles which cut in idealised manner 
M = Mass of abrasive particles  
p = Plastic flow stress of the material 
f(α) = Function of impact angle 
v = Particle velocity 
n =  Velocity exponent (typically in the range 2.2 – 2.4 for metals)  
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2.11.4.2 Brittle materials: 
Several models for brittle erosion have been proposed, involving the inverse proportionality 
to the hardness and fracture toughness principle. The model below was that proposed by 
Evans et al. to predict the volume of material removed for normal impacts [136]. 
Volume of material removed: 
           
      
      
      
            Equation 9 
Applying the assumption:  
  
 
     
     ( )  
 
 
 ⁄     
    
     ( ) Equation 10 
Thus: 
                 
      
      
             ( )  Equation 11 
In summary, the above models show the primary impingement parameters influencing the 
erosion process; impact angle, mass of erodent (given by the duration of exposure), particle 
velocity and density, material fracture toughness and hardness. Others parameters such as 
particle shape, testing temperature are important as well. 
Where: Vi = Volume of material removed per impact 
Vp = Volume of a particle 
E = Erosion rate (volume loss / impact mass) 
M = Mass of abrasive particles  
v = Particle velocity 
rp = Particle radius 
ρp = Particle density 
Kc = Fracture toughness of the material 
H = Material hardness 
f(α) = Function of impact angle 
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 Erosion of EB PVD TBCs 2.11.5
As can be seen from Figure 38, solid particle impact has a detrimental effect in the 
compressor section of a gas turbine engine, by eroding the leading edge of the compressor 
blade. Studies into the erosion behaviour of thermal barrier coatings are somewhat more 
limited in the open literature, especially studies looking at the effect of erosion on the 
lifecycle of an electron beam physical vapour deposited TBC. This is because the stress due 
to thermal expansion mismatch between the TBC topcoat and the substrate, and the TGO at 
the top coat/bond coat interface were identified as the primary life limiting factor of the 
coating system. For this reason, understanding the erosion behaviour of coating was 
perceived as being of secondary importance. From Figure 45, EB-PVD TBCs have a higher 
erosion rate compared to bulk zirconia, but performed better when compared to APS TBCs 
due to their columnar microstructure which gives them a superior strain tolerance over APS 
TBCs [6]. 
 
Figure 45: Comparison of the erosion performance of APS, EB-PVD and segmented APS coatings at room 
temperature and 910ºC. Bulk ZrO2-7wt%Y2O3 ceramic reference is included [6]. 
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It can be noted from Figure 45 that, both the APS and the EB-PVD coatings show a variation 
in the extent of erosion response.  From Figure 45, it can also be said that at room 
temperature (20ºC) and high temperature (910ºC), the splat-like APS microstructure have an 
erosion rate greater than the columnar microstructure of EB-PVD coating by a factor of 
approximately x10, under normal (90º) impact conditions. For the EB-PVD columnar 
microstructure, the erosion rates were 20 g/kg (20ºC, 140m/s) and 28.5g/kg (910ºC, 230m/s) 
compared to 210 g/kg (20ºC, 140m/s) and 322g/kg (910ºC, 230m/s) for that of the APS splat-
like microstructure. Nicholls and Wellman [6] also noted that bulk zirconia was significantly 
more erosion resistant than both the APS and EB-PVD coatings (the EB-PVD ceramic erodes 
at x 2 to x 5 the rate of bulk zirconia, depending on test temperature). 
Fleck et al. [137] used finite element analysis to explore the elastodynamic response of EB-
PVD TBC columnar structure to normal and oblique impact by an erosive particle. It was 
found that the TBC columnar layer acts as a set of independent wave guides. The magnitude 
of the tensile stress was found to be in the order of ρcV, sufficient to cause columnar fracture 
due to lateral propagation of pre-existing flaws near the top of the coating. Erosion response 
was found to be sensitive to size, shape and approach direction of the incoming particle and 
to the details of the TBC geometry, whereas the peak tensile stress was found to be sensitive 
to the level of friction between columns and between particle and top of the TBC [137]. 
 The Need for an Erosion Resistant TBC 2.11.6
Initially, TBC applications were restricted to non-critical applications [138]. However, with 
the push for greater turbine engine efficiency, coupled with the drive for lower emissions and 
high operating temperatures, TBCs are increasingly finding use on load-critical applications. 
TBCs are critical in the race to achieve improved engine performance and durability of next 
generation turbine engines, because of their ability to allow increased engine gas 
temperatures and reduced cooling requirements. In order to meet the stringent requirements 
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of future engine design and desired performance, extensive research efforts have been 
invested in developing advanced TBC compositions, processing techniques and erosion 
mechanism models, to improve the erosion resistance and impact toughness of the coating 
[139]. 
Although significant advances have been made in thermal barrier coating technologies for 
reduced thermal conductivity, increased temperature capability and improved cyclic 
durability, erosion and impact resistance improvements of the coating systems have remained 
one of the most significant challenges for turbine thermal barrier coating developments and 
applications [139]. Erosion problems under such conditions can lead to loss of the ceramic 
topcoat and subsequent increase in the operating temperatures of the metallic substrate. This 
effect could have disastrous consequences to the components being protected, in terms of the 
performance and overall engine integrity [140]. 
Thermal barrier coatings are particularly prone to foreign object damage and erosion. In gas 
turbine engines, the source of the particulates inducing erosion may come from ash or runway 
sand ingested with the air intake during take-off and landing of the aircraft. These particulates 
often may be generated within the combustor of the gas turbine engine as a by-product of 
incomplete fuel combustion. Depending on the size, particles are initially entrained in the 
aerodynamic flow contour of the gas path. However, centrifugal load in the engine eventually 
forces them to deviate and impinge at various angles on engine parts in their path [135].   
The overall effect of erosion is the gradual thinning of the TBC, resulting in reduction of 
thermal insulation and aerodynamic efficiency. This may result to partial or complete loss of 
ceramic top coat, exposing the underlay bond coat and metallic substrate to aggressive gas 
temperature which will eventually accelerate the process of oxidation [135]. The following 
approaches have been proposed for improving the impact and erosion resistance of TBCs. 
Chapter 2: Literature Review 
83 
 
 Composition modifications and composite toughening  
o low thermal conductivity compositions 
o fracture toughness improvement 
o composite toughening 
o TGO/bond coat interface toughening 
 Microstructure modifications  
o Porosity effect 
o Modulated/wavy TBC structures 
 Deposition, infiltration and reaction with CMAS particles  
o Thermomechanical effect  
o Thermochemical effect 
2.12 Chemical (Molten Deposit) Attack of TBC’s caused by Volcanic Ash 
and CMAS Infiltration – Turbine Section 
Volcanic ash and CMAS-type material constituents ingested by the fan of a gas turbine 
engine will cause various damages to the engine, erosion in the compressor section and 
molten deposit attack (including blockage of the cooling holes shown in Figure 46) in the 
turbine section being the most severe. When for example volcanic ash is ingested by the 
engine, it will first cause erosion problems in the compressor section while those particles 
that make it pass the compressor section will be carried in the airstream to the combustor, 
where they melt and are projected on the surface of turbine blades in a molten state hence, 
attacking the TBC (also known as CMAS/molten deposits attack mentioned previously). 
Relatively cool air (~600-700 °C) is bled from the compressor into the cooling holes of 
turbine blades and the ash contained within the cooling air may melt and eventually freezes 
(due to thermal gradient across the blade) to block the cooling passage.  
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Figure 46: HP turbine blade cooling flows. Courtesy of Rolls-Royce [2] 
This thesis investigates the outcome when volcanic ash and CMAS materials are ingested 
into an engine, their journey from the compressor section (where the engine temperature is 
not hot enough to induce melting) to the turbine section (it is expected that different stages of 
the compressor will mill the ash into fine particles and propelled them into the combustion 
chamber and eventually deposited on the surface of the coating or alternatively travel with the 
cooling air and block the fine cooling passeges within the blade).  
Blade cooling air 
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3 CMAS vs. VA: Introducing the Concept of Basicity Index for 
TBCs 
Although the major discussion over the concept of Basicity Index will be addressed in the 
discussion section, it is introduced here as part of the background to the project. The ideas 
surrounding the application of the concept of Basicity to TBCs was formulated during the 
early stages of this thesis and is formed a significant part in the planning of the testing, to test 
and validate the concept. 
Molten deposit in this work refers to a glass-like product, with calcium, magnesium, 
aluminium and silicon as its main elements and some other minor oxides. The composition 
and properties of the molten deposits found in an aircraft engine can greatly affect the 
severity of damage caused. CMAS is the term given to oxides known as Calcia-Magnesia-
Alumino-Silicates, formed from siliceous material ingested with the air intake (sand, dust, 
volcanic ash and runway debris). SiO2, Al2O3, CaO and MgO are the common oxides found 
in both volcanic ash and CMAS (Table 9), although in different fractions. Volcanic ash may 
also contain iron oxides and various other trace elements and alkali-metal oxides.  
CaO + SiO2 + MgO + Al2O3                 Model CMAS 
CaO + SiO2 + MgO + Al2O3 + Fe2O3 + TiO2 + Na2O + others                   Volcanic ash 
The composition and properties of the molten slags found in an aircraft engine can greatly 
affect the severity of damage caused [65]. At elevated temperatures (temperatures around or 
above 1240 °C, depending on composition) siliceous debris can deposit on the top of the 
TBC ceramic and then melt, yielding a molten, glassy deposit of CMAS. 
Analysis of volcanic ash particles can provide important information necessary to understand 
the problems associated with volcanic ash clouds; such as aircraft engine damage, visibility, 
Molten 
Deposit 
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atmospheric dispersion, and ash deposition. By using the latest analytical techniques, 
particles can be characterised in terms of morphology (size and shape), density, mineralogy 
and chemical composition [146]. Volcanic ash can cause serious damage to an aircraft 
engine, if the ash reaches the flight path used by an aircraft. This damage can be terminal or, 
at a minimum, very expensive to repair. [146].  
Improvements in monitoring techniques and better tracking of volcanic ash clouds are 
necessary in order to avoid a repeat of what happened in April 2010, where there was an 
unprecedented closure of most airspaces right across Europe, due to the presence of volcanic 
ash in the atmosphere, generated from the active Icelandic Eyjafjallajokull volcano [147; 
148]. This prompted those involved in the aviation industry and engine manufacturers to 
establish a safe level of ash (2mg/m
3
) which their product can tolerate without causing 
significant damage to the aircraft. Since volcanic ash (akin to CMAS) attack is a Time-
Temperature dependent reaction, further studies were commissioned, to better understand the 
potentially damaging effect of volcanic ash. 
3.1 Interacting Parameters Affecting the Severity of CMAS Attack 
Findings of this research and the work by Whitman et al. [13] stipulate that, simulated CMAS 
and VA caused varying degrees of damage to coating microstructure, which agrees with 
published literature [7; 68; 69; 73; 76]. So far, it can be concluded that, time and temperature 
will affect the depth of attack (factor which may be attributed to wetting characteristics and 
viscosity of VA/CMAS) but neither attack mechanism nor the severity of the attack have 
been related to the degree of exposure. Therefore, it was vital to build an understanding as to 
the conditions that favour this mode of attack. Five inter-related parameters are proposed in 
this work that may influence both the attack mechanism and the severity of degradation of an 
EB-PVD coating by molten deposits. The proposed parameters are Basicity, Wettability, 
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Viscosity, Time and Temperature. However, the individual effects of these parameters as 
well as their collective effect on damage mechanism is part of the ongoing study and their 
interactive behaviour and severity shall be investigated as part of future studies. Based on 
these parameters, the model in Figure 47 is proposed, which is a schematic of the expected 
inter-relationship of Basicity, Wettability, Viscosity, Time and Temperature. 
 
Figure 47: Five interacting parameters that determines the severity of damage to TBCs caused by molten oxides 
While for a given chemical composition, time at temperature will determine the depth of 
penetration and the Y2O3 leaching rate. However, the chemical composition (especially 
Time: Adhesion Incubation  Penetration Propagation Failure     
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CaO/SiO2 ratio) of the slag is equally important in determining the degree of degradation, as 
the composition will determine the Basicity, Viscosity and Wettability of the slag. 
Depth of penetration is most likely a function of Viscosity and Wettability (together with 
time at temperature). Whilst viscosity describes the melt's resistance to flow, wettability is the 
tendency for the melt to spread on and adhere to or “wet” the surface of the TBC. However, 
more research is needed to determine which of these parameters has a more dominant effect 
on the depth of penetration. It is clear, though, that if the molten CMAS or volcanic ash is 
non-wetting it will not adhere or infiltrated and would be expected to be removed by high 
velocity gas stream through the engine. 
A new and novel concept of Basicity Index, with regard to CMAS, to evaluate the degree of 
molten deposits degradation is introduced in this project. An in-depth study to understand the 
effect of a slag’s Basicity Index on the severity of coating degradation was undertaken as a 
key objective of this work, in an effort to support the model featured in Figure 47. Here, 
Basicity is defined as the ratio of calcia to silica (CaO/SiO2). However, in general terms, a 
slag’s Basicity Index must be defined as the molar ratio of basic oxides to acidic oxides.  
From the graph in Figure 49, it is evident that there exist variations in the Basicity Index of 
the deposits used by various referenced authors and this reflects in the results presented (they 
are presented in identical units), mechanisms observed and severity of damage. Research by 
Stott et al. [65] showed that engine debris compositions (i.e. CMAS) vary considerably 
between regions of the world. Basicity Index as a unit is expected to play a vital role in 
categorising these different degradation mechanisms observed and the severity of damage. 
Ternary phase diagrams (Figure 48) was used in conjunction with a DSC (Figure 74) to study 
the glass transition temperatures (Tg) and the crystallisation temperatures (Tc) of the different 
slag compositions reproduced in Table 13. 
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Figure 48: Ternary phase diagram of system CaO–SiO2–Al2O3 [103].  
The variation in melting temperatures can be confirmed by comparing these compositions to 
a ternary phase diagram, where the lower B.I. composition are found within the Anorthite 
region compared to the high B.I., lime region. This confirms Stott et al. [65] study which 
noted that CMAS melting temperature will vary depending on composition. 
A set of experiments were designed to test this concept of Basicity, each performed under 
isothermal heat treatment condition at a fixed temperature above the melting point of the 
deposit used. The melting temperature of each composition is mentioned in Table 13 and the 
temperature differential (ΔT) above their melting points was set to 50 °C. 50 °C was chosen 
as the ΔT in order to ensure sufficient over temperature in the furnace that all slags would 
reach molten state.  All the samples were exposed for 30 minutes, 1, 2, 4 and 8 hours at 
temperature and then analysed. 
High B.I. 
region 
Low B.I. 
phase 
Mid-range 
B.I. phase 
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It has been reported in the literature that damage caused by molten deposits and slag 
penetration rates relate to Basicity [149]. Basicity was a term first coined within the steel 
industry to measure the slag chemistry within the ceramic blast furnace and is now accepted 
within blast furnace design and relates to molar ratio of basic and acidic oxides [110]. 
However, with respect to CMAS attack in the aerospace industry, Basicity was first proposed 
by Ndamka in 2011 [150] and then later accepted and referenced by Levi et al in 2012 as part 
of their review paper [71]. Basicity and melt viscosity may also be inter-related [110]. The 
predominant indicator in slag basicity is the CaO/SiO2 ratio, as the CaO/SiO2 ratio is thought 
to determine the overall behaviour of the slag system [110]. In this study, Basicity is 
modified to acknowledge that amphoteric oxides may exhibit either acidic or basic roles. 
Thus, the Basicity Index is found to vary among different compositions of CMAS and using 
data from previous studies, this is illustrated in Table 11. 
Table 11: Comparison of CMAS compositions from previous authors with associated calculated Basicity Index 
Elements 
(mol.%) 
Wellman et 
al. (2010) 
[13] 
Aygun et al. 
(2007) [73] 
Borom et 
al. (1996) 
[70] 
Kramer 
et al. 
(2006) 
[11] 
Smialek 
et al. 
(1994) 
[72] 
Rai et al. 
(2010) [12] 
Wolfgang 
Braue 
(2009) 
[75] 
CaO  35 38 32.1 33 20.9 32.7 33.6 
MgO  10 5 10 9 9.5 9.4 9.9 
Al2O3  7 4 6.9 6.5 7.5 6.8 10.1 
SiO2  48 50 46 45 49.8 46.2 22.4 
TiO2  - - - - 1.8 - - 
FeO - - - - - - - 
Fe2O3  - 1 3.2 - 4.7 3.2 - 
NiO - - 1.6 - 4.2 1.7 - 
Na2O - 1 - - 1.5 -  
K2O - 1 - - - - - 
B. I. 1.08 1.00 1.17 1.08 0.94 1.16 1.90 
Melting 
temp °C 
1235 1121 1290 ~1200 1136 ~1190 – 
1260  
1135 
 
In general, slag compositions can be classified according to the oxide groups as follows 
[105]; 
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 Modifiers (Basic oxides) – CaO, MgO, Na2O and K2O 
 Glass formers (Acidic oxides) – SiO2 and P2O5   
 Amphoteric oxides – Al2O3, TiO2 and Fe2O3. 
Acidic oxides tend to enhance polymerisation, while basic oxides tend to disrupt the process 
of polymerisation in the melt. The amphoteric oxides can act either as acidic or basic oxides 
[105]. In this study, a slag Basicity Index (B.I.) was defined using Equation 12 and it is 
proposed that if the melt is basic, amphoteric oxides behave as an acid until the B.I. reduces 
to 2; if the melt is acidic, amphoteric oxides behave as a base until the B.I. increases to 2; in 
neutral melts the amphoteric oxides can be considered neutral (this explanation is based on a 
neutral Ca2SiO4 slag composition).  In this study, the slag Basicity Index was defined as: 
Slag Basicity index (B.I.)   
∑             (    )
∑              (    )
 
Equation 12 
In a binary CaO−SiO2 slag system, neutral composition corresponds to the formation of the 
ortho-silicate composition 2CaO.SiO2 [104].  A CaO−SiO2 dominant slag system will 
become neutral when two moles of lime (CaO) are present for each mole of silica (SiO2) to 
give two Ca
2+
 cations and one SiO4
4-
 anion. Since one molecule of the oxide of a bivalent 
element forms one cations and one oxygen ion, the neutral melt here contains cations and 
oxy-acid silica groups in the ratio of 2:1. This applies if Na2O or K2O alkali oxide groups are 
incorporated in the melt. In a neutral melt, all the oxygen bonds of the silicon ion are satisfied 
and an increase in the CaO concentration results in the presence of free oxygen ions. 
Conversely, if the CaO content is reduced, some of the SiO4
4-
 ions become unsaturated and 
degenerate into Si2O7
6-
 or similar groupings [104].  
In light of the foregoing considerations, a neutral melt can be defined as one with CaO 
content of 66.7 mole% and the system will be basic only when CaO content is more than 66.7 
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mole% [151]. For a slag system to become neutral, enough oxygen ions will have to be 
present to ensure that each tetrahedron remains independent of each other. Based on the 
ortho-silicate composition of a neutral slag system, the Basicity Index (B.I. from Equation 
12) for a neutral slag is equal to 2. Since amphoteric oxides can behave either as an acidic or 
basic oxide, depending on the composition of the system, then if the CaO/SiO2 ratio   2, 
amphoteric oxides will behave in a basic manner. In this case, it is proposed that amphoteric 
oxides are treated the same as basic oxides. Similarly, if CaO/SiO2 ratio   2, amphoteric 
oxides will act in an acidic manner and therefore will be treated as an acidic oxide. The 
implication of this is that amphoteric oxides provide a buffer such that a neutral slag may 
exist over a range of compositions. In this study, the range is taken as 1.8 to 2.2, a ±10% 
variation on the neutral composition. The Basicity Index calculation (see Appendix A) from 
Equation 12 for Eyjafjallajokull volcanic ash and the standard CMAS used in this study is 
given in Table 12, both belonging in the acidic Basicity Index category, with the volcanic ash 
much more acidic than the standard CMAS composition, as proposed in other studies [13]. 
Table 12: Volcanic ash and CMAS Basicity Index values  
Mineral Basicity index 
Eyjafjallajokull Volcanic ash  0.46 
Standard CMAS [13] 1.08 
 
The graph in Figure 49 is constructed from the CMAS main oxides compositions from the 
referenced authors (Table 11), plus the calculated Basicity Index (B.I.) using Equation 12, 
based upon the slag composition as shown within Figure 49. The most basic composition 
(still near to neutral) was that proposed by Wolfgang [12], while the most acidic composition 
was that used by Smialek et al. [72], with the composition proposed by Wellman et al. [13] in 
a region still acidic but midway between Wolfgang and Smialek’s works. Apart from these, 
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the remaining compositions have a Basicity Index close to one. The B.I. within this study as 
defined by Equation 12 varies from 1-4, with three distinct regions associated within this 
Index. Values of 0-1.8 refer to Low Basicity Index melts, 1.8-2.2 refer to Mid-range (Near 
Neutral) Basicity Index and >2.2 refers to High Basicity Index melts.  
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Figure 49: Comparison of CMAS compositions with Basicity [150] 
The interrelationship between Basicity Index and the melting point of the slag was also 
investigated and the result is shown in the graph in Figure 50. A differential scanning 
calorimetry was used to determine the melting temperatures of the deposits and using the B.I. 
equation as defined in Equation 12, the plot in Figure 50 was generated. An increasing trend 
is observed, that suggests the melting point increases with Basicity Index of the molten slag 
up until a Basicity Index close to 2, where upon it remains approximately constant out to a 
value of 4. 
Citation 
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Figure 50: Interrelationship between deposit melting temperature and the Basicity Index of the melting. 
 Review of Basicity Index 3.1.1
The concept of Basicity Index (B.I.) is commonly used in industries including mining and 
steelmaking. In steelmaking, Basicity Index is used to detect the quality and the chemical 
composition of the slags formed [104]. Steelmaking relies on the formation of slags in order 
to remove unwanted elements from the metal and also purify the metal by forming oxides and 
floating them off the molten metal. Basicity Index is then employed to analyse the slag which 
will give an indication as to the foaminess/viscosity of the melt, the amount of FeO generated 
and the overall quality of the metal produced [152].  
In welding, Basicity Index is used to describe the metallurgical behaviour of a welding flux.  
Basicity Index has a great influence on the impact toughness of the weld metal, by 
determining the level of impurities in the welded joint. Welding fluxes are divided into three 
groups based upon the definition of Basicity Index (the ratio between basic and acid 
compounds); Acid fluxes (Basicity <0.9), Neutral fluxes (Basicity 0.9 – 1.2) and Basic fluxes 
(Basicity >1.2) [153].  
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This study was the first to modify the concept of Basicity Index and adopt it in ceramic 
chemistry in order to investigate the effect of environmental dusts ingested by a gas turbine 
engine on thermal barrier coating systems, in terms of microstructural degradation. 
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4 Experimental Procedures 
4.1 Analytical and Observation Tools: 
Molten deposits (VA and simulated CMAS) can have a significant effect on the behaviour of 
EB-PVD TBC it comes into contact with. Therefore, it is important to characterise the 
chemical composition of the starting materials. The VA and CMAS samples were analysed 
using various techniques to determine their chemical compositions, particle size and 
distribution. Differential scanning calorimetry (DSC), X-Ray diffraction (XRD), optical 
microscopy, optical imaging microscopy, Raman spectroscopy, scanning electron microscopy 
(SEM), electron backscatter diffraction (EBSD) and focused ion beam (FIB) were the major 
characterisation techniques used in this work.  
 Optical Microscopy 4.1.1
Optical microscopy was a vital tool for first stage investigation and also for checking quality 
during sample polishing. The microscope used was a Nikon optical microscope equipped 
with a JVC CCD sensor camera for image acquisition. However, the optical microscope on 
its own was not relied upon because of the relatively low magnification (x100 to x1000) 
offered by the optical microscope and the thickness of the coatings throughout this study.  
 Scanning Electron Microscope (SEM)  4.1.2
Samples of volcanic ash are non-conductive which is why the Philips XL30 ESEM was used 
so as to avoid the need to coat the samples before analysis, which would have been the case if 
using an SEM rather than an environmental SEM. The Scanning Electron Microscope (SEM) 
uses a fine focused beam of electrons, which scans across the surface of the sample. An SEM 
produces images with a large depth of field, a characteristic which is useful in understanding 
the surface topology of a sample. The SEM requires the sample to be capable of conducting 
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electrons and cannot be used on a non-conductive specimen, as this will lead to the specimen 
charging which will continually deflect the beam from position. However, when it was 
deemed necessary for the samples to be examined at high magnification using a FEG-SEM, 
the samples were coated in gold/palladium to make them conductive then an XL30 Philips 
SFEG-SEM was used to carry out the examination. ESEM differs as it does not require 
samples to be conductive; the sample environment can be varied through a range of 
pressures, temperatures and gas compositions. The ESEM retains all of the performance 
advantages of a conventional SEM, but removes the high vacuum constraint on the sample 
environment, which means non-conductive samples can be examined in their natural state 
without further modification or preparation. ESEM was used to examine the microstructure 
of the samples in cross section and also the top view. ESEM was also used to determine the 
particle size and distribution of the volcanic ash used in the experiments. 
 Focused Ion Beam 4.1.3
The Focused Ion Beam (FIB) is an analytical technique similar to scanning electron 
microscope (SEM) except an ion beam of gallium ions is used to image the surface. The FIB 
200XP by FEI Company was used throughout this study. The FIB uses a finely focused ion 
beam to mill the surface of the sample in order to modify and generate secondary electrons 
(or ions) which are collected to form an image of the surface of the sample of interest. 
Because the contrast mechanism for FIB is different to that of SEM/TEM, unique structural 
information can be obtained. 
 Electron BackScatter Diffraction (EBSD) 4.1.4
Electron BackScatter Diffraction is a relatively new, scanning electron microscope-based 
surface analysis technique used to characterise microstructures and textures (“texture” means 
degree and nature of alignment of the crystal lattices in a sample) in crystalline materials 
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(metals, ceramics). EBSD is an SEM based microstructural-crystallographic technique 
employed to measure the crystallographic orientation [141]. In EBSD, electrons are 
inelastically scattered in all directions from a high angle of incidence, optimally 70 degrees, 
towards the sample surface. Since nearly all SEMs have vertical columns, this is 
accomplished by tilting the sample on the SEM stage, mounting it on a pre-tilted sample 
holder, or a combination of the two. This glancing angle allows most incident electrons to 
penetrate, scatter and propagate from the surface with a minimal energy loss, important 
because a crisp diffraction pattern requires a small electron energy spread. Higher angles are 
less optimal because spatial resolution rapidly degrades, particularly in the uphill-downhill 
direction [142]. 
 X-Ray Diffraction (XRD) 4.1.5
X-ray diffraction was used to carry out qualitative phase analysis. However, since XRD can 
only provide information about the crystal structure of the phases present, it was used in 
conjunction with EDAX to identify the chemical compositions and local distributions. The 
diffractometer was mainly used with a typical θ/2θ layout. A Siemens D5005 system was 
used to obtain the XRD peaks, with Cu-Kα radiation (λ=1.5405 Å), 35 kV accelerating 
voltage and 20 mA of current. XRD operation follows Bragg’s law in order to measure the 
cell parameters from diffracted peaks. 
 Differential Scanning Calorimetry (DSC) 4.1.6
The principle of DSC is to measure the difference in temperature (ΔT) between the sample 
and a reference (usually alumina), both placed in a small calorimeter crucible and subjected 
to the same heat treatment. When an exothermic reaction occurs, there is a subsequent 
increase in the temperature of the sample, resulting in an increase of ΔT (e.g. solidification of 
a liquid). On the other hand, an endothermic reaction is followed by a decrease in ΔT. This 
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method of thermal analysis is superior and gives the actual enthalpy of a reaction by 
integrating the peak areas. The apparatus used was a “SETSYS Evolution 16” manufactured 
by Setaram. It was designed for both DTA/DSC and thermogravimetry. The heating is 
provided by a high performance graphite furnace, with heating range up to 1600 °C. 
4.2 Volcanic Ash and CMAS Chemistry 
 Volcanic Ash 4.2.1
The volcanic ash used in this study was collected some distance away from the volcano, 
which ultimately determines the size fraction of the ash.  As expected fine ash particles 
travelled furthest away from the volcano while coarse ash (denser) particles fall close to the 
volcanic source. Volcanic ash size fractions decrease exponentially with increasing distance 
from the source [143]. Fine ash particles were those collected furthest from the volcanic 
source whereas coarse ash particles were collected closest to the volcano. In this study no 
volcanic ash aerosols were collected and analysed. However, smaller sized particles are 
expected to travel further and to last longer in the atmosphere. Therefore volcanic ash 
aerosols are expected to exhibit similar characteristics as “fine” ash particles in this study. 
This assumption is supported by the published composition by Sigfusson et al. [101] of 
Eyjafjallajökull volcanic ash aerosols, showing very similar composition to fine size volcanic 
ash. 
However, the “as received” volcanic ash particles were sieved into three size fractions to 
obtain the desired grain size and then analysed using energy dispersive spectroscopy 
(EDAX), attached to an environmental scanning electron microscope. Microstructural 
analyses were also performed using an ESEM to reveal the size and distribution of the 
volcanic ash particles. The natural occurring volcanic ash is expected to exhibit a superior 
chemical complexity than laboratory grade synthetic CMAS often used in research. The 
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compositional variation of the different size fractions of volcanic ash is discussed in the result 
section. 
 CMAS Preparation 4.2.2
The CMAS compositions as reported by different authors are given in Table 11 while the 
compositions of CMAS that were used in all the experiments are shown in Table 13. The 
“standard” composition of synthetic CMAS used in Cranfield University for this purpose was 
C35M10A7S48, also referred to as “standard CMAS” composition. This composition was based 
on the average composition of molten slags that were found to have penetrated the TBC of an 
aircraft engine operated in a desert environment [70], but not including impurities believed to 
have originated from the engine (Ni, V, Ti, S, and Fe) [69]. This CMAS composition falls in 
the pseudo-wollastonite region in CaO-SiO2-Al2O3 ternary phase diagram (see Figure 48). 
Pseudo-wollastonite has the stoichiometry formula CaSiO3 and is a high-temperature crystal. 
However, with the introduction of this novel concept, Basicity Index, model CMAS of 
different compositions (Table 13) were prepared in order to rigorously tests the 
aforementioned concept. Ternary phase diagrams and DSC were used to identify the melting 
temperatures of these compositions. The synthetic CMAS compositions were made by 
mixing high purity fine powders of the individual oxides by ball milling, which were later 
transferred into a spray bottle and subsequently applied to the samples, by atomised spraying 
along with a solvent. 
Table 13: Composition of model CMAS used in the Basicity Index study 
Model CMAS Composition Tg (°C) Tc (°C) Tm (°C) 
C73M10A7S11 936 681.1 1407.9
C55M10A7S29 928 707 1358.5
C56M10A7S28 915 705.4 1430
C24M10A7S59 890 674.8 1234.2  
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4.3 Sample Preparation 
Alumina (99.9% purity Al2O3) discs were used as the substrate material and were then coated 
with a ZrO2 – 8wt% Y2O3 or an Er2O3-doped 8YSZ TBC, deposited by EB-PVD. The 
microstructure of EB-PVD coated TBC system has a higher porosity (approximately 70% of 
the theoretical density). This is representative of commercial production, but makes it 
susceptible to molten deposit attack. One outcome of such attack and penetration is a 
substantial reduction in thermal conductivity of the TBC can be expected [12]. These 
experiments were carried out under isothermal heat treatment conditions, as opposed to 
thermal gradient conditions in the real situation, where there is a temperature gradient across 
the system. In order to standardise this experiment, the amount of CMAS powder applied has 
to be controlled. To ensure a near even infiltration throughout, a repeatable and reliable 
method was required to quantify the amount of CMAS/VA applied to the sample. 
Volcanic ash samples used were in the “as received” composition, with no extra preparation 
required. However, it is important to keep samples within specific size ranges, taking into 
consideration the size of the particle that is likely to travel into the path used by the aircraft 
and also across the continent, from the volcanic source. According to Smith et al. (2010) 
[143], particle sizes up to about 57 µm were reported to have reached countries across Europe 
from the eruption source in Iceland. Smaller particles are likely to be in the atmosphere 
longer and in the path taken by the aircraft, hence smaller particles are most likely to interact 
with aircraft. Thus the volcanic ash (VA) samples used throughout this study were blended 
from sub-50 µm particles. 
A pneumatic spray gun was used to apply the VA and CMAS as consistently as possible onto 
the different samples. CMAS/VA was weighed and transferred into a spray gun bottle which 
was then filled with distilled water. The powder was suspended in distilled water and sprayed 
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onto the samples under a fume hood. The mixture was made up of 1.5g of powder (VA or 
CMAS) and approximately 50ml of distilled water. The spray gun was externally connected 
to a compressed air line and the assembly was held in a clamp to ensure it was in the same 
position when spraying the samples (Figure 51). The samples were preheated to 120 °C to 
encourage the instant evaporation of the water. The samples were then weighed and the 
weight recorded (Wo). The samples were held by tweezers approximately 30cm away from 
the spray gun during spraying, and were rotated throughout the process to ensure an even 
distribution of the solution. The samples weight were again measured and recorded (Wf) and 
the weight of deposit (Wd) on each sample was calculated by Wf  - Wo = Wd (g). Wd equates to 
the amount of coverage of VA or CMAS on the sample prior to thermal ageing. Figure 51b 
illustrates a schematic of CMAS deposition on the surface of an EB-PVD TBC sample.  
 
 
 
 
 
 
Figure 51: (a) spray gun bottle externally connected to a compressed air line and (b) Schematic of a CMAS 
deposited EB-PVD sample. 
The experiments in this study were performed under isothermal conditions on EB-PVD TBC 
top coats with typical thicknesses of 170-210 µm, at temperatures in the range 1200-1500 °C 
for short term (1-24 hours at temperature) exposure and 1100 °C for long term (50 – 1000 
hours at temperature) exposure. The experiments were divided into short-term and long-term 
CMAS/VA 
(24mg/cm
2
) 
EB-PVD 7YSZ 
TBC 
Chapter 4: Experimental Procedures 
103 
 
for time and temperature effects, variation in the amount of coverage and Basicity 
(compositional effect). The heat treatments were performed in a Pyro Therm furnace. 
Samples were removed from the furnace once the heat treatment was completed and were air 
cooled to room temperature. 
 
Figure 52: CMAS and VA (from left to right) on EB-PVD coated alumina discs. 
 CMAS and Volcanic Ash Interaction with YSZ EB-PVD TBC 4.3.1
Molten deposit interaction with YSZ thermal barrier coatings shows full penetration of the 
CMAS into the TBC, as shown by the cross-sectional micrograph in Figure 53. The resulting 
coating morphology (Figure 53) is drastically different to the “as-deposited” coating in Figure 
17, indicating an interaction between CMAS and YSZ. Also noticed were Si and Ca from 
CMAS throughout the entire coating, indicating that CMAS has penetrated the entire TBC 
thickness. Viscosity and wetting characteristics of CMAS plays a role in CMAS penetration. 
The viscosity values for standard CMAS composition was calculated based on the viscosity 
model proposed by Giordano et al. [100], at two separate temperatures (their melting points 
and melting points + 50 ºC). Depending on the wetting behaviour of the molten deposit, 
CMAS will wet the surface of the coating and penetrate by capillary action into the pores and 
cracks. It will also attack the grain boundaries and dissolve part of the coatings resulting in 
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full penetration of the coating. The finding here that 7YSZ EB-PVD coatings have little 
resistance to CMAS penetration are consistent with what others have seen and reported. 
 
Figure 53: Scanning electron image of YSZ showing molten deposit induced degradation of entire TBC. 
4.4 Mechanical Studies 
 Nanoindentation  4.4.1
Nanoindentation tests were performed on the top surface of a whole sample using a Zwick 
Roell Auto indenter. Nanoindentation is a method of measuring the mechanical properties 
(elastic modulus, hardness, fracture toughness and creep) of small volumes of materials and 
consists of imprinting a diamond indenter into the sample under investigation at a 
specified loading rate whilst monitoring the variation in the indentation depth. A dwell 
time at maximum load was included, to prevent gross errors due to creep [144]. In this 
study, the maximum load was 100 mN, the loading rate was 2.0 mN s
-1
 and the dwell time 
at maximum load 60 s. The deformation on the specimens upon loading and unloading of 
the indenter is a combination of both elastic and plastic strain [145]. Loading is attributed 
to both elastic and plastic deformation, whereas, unloading is linked to material recovery and 
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is principally an elastic phenomenon. Hardness, fracture toughness and elastic modulus of 
the material can be determined using this method. 
 Erosion Test 4.4.2
A series of erosion tests were performed using volcanic ash and MIL spec silica sand of 
similar sized fractions for comparison purposes. The volcanic ash (VA) used in this 
experiment was collected in the Eyjafjallajokull Icelandic eruption, obtained by Rolls Royce. 
The VA was then separated into three different size fractions, by sieving. Two grades of MIL 
spec silica sand were also used, MIL-810D, 98.5% SiO2, with particle size in the range of 0-
150 μm, in this thesis termed as “fine sand”. The second grade, MIL-E5007, had a particle 
size range of 76 - 212 μm, which is referred to as “coarse sand” in this study.  
Erosion tests were grouped under three different phases, all carried out under different 
conditions.  The first phase of the test was conducted at room temperature and three different 
impact angles (30 , 45 and 90) and comprised of 5 separate runs assessing the effects of 
different grits (volcanic ash and silica), and different size fractions. Table 14 summarises the 
different particle sizes used in these experiments.  
Table 14:  VA and Silica size fractions 
Volcanic Ash Silica 
Particle size Size Fraction (μm) Particle size Size Fraction (μm) 
Small 0 - 53 Fine 0 - 150 
Medium  53 - 106 - - 
Large  106 - 212 Coarse 76 - 212 
Phase two involved testing at different impact velocities, achieved by changing the 
accelerating pressure.  In this phase of the experiment, samples were only impacted at 30 
because of the limited number of specimens available.  Size fractions of 53 - 106 μm and 0 - 
150 μm were used for volcanic ash and silica respectively in this phase of the test.  30 was 
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found to be the impact condition in this test programme that in the main produced the 
maximum erosion irrespective of particle type and size (Table 16 and Table 17 summarise 
these room temperature, change in gas velocity tests).   It was also noticed that, peak erosion 
rate at 30 occurred at these size fractions for the different grit types. The gas velocities 
achieved were 155m/s at 3bar, 210m/s at 4.5 bar and 252 m/s at 6.5 bar.  
Phase three was conducted at high temperature, 450 °C, using volcanic ash and silica as the 
erodent. Particle size of 53 - 106 μm (volcanic ash) and 0 - 150 μm (silica) were used during 
this part of the test, in order to achieve maximum predicted erosion rate. Table 15 to Table 17 
summarise the condition of the three test programmes. 
Table 15:  Phase one – Test matrix of the room temperature erosion tests to determine the effect of particle size 
on the erosion rates 
 
Table 16:  Phase two – Test matrix of the room temperature erosion tests to determine the effect of impact 
velocity 
Room Temp 3 bar 4.5 bar   
Grit Ti 64 In 718 Ti 64 In 718 Test No 
 Impact Angle 30 30 30 30   
VA 53-106 μm x x x x 6 
Silica Dust 0-150 μm x x x x 7 
 
Table 17:  Phase Three – Test matrix of the high temperature erosion tests (450 °C) 
 
Room Temp
Grit Test No
30° 45° 90° 30° 45° 90°
VA 0-53µm x x x x x x 1
VA 53-106µm x x x x x x 2
VA 106-212µm x x x x x x 3
Silica Dust 0-150µm x x x x x x 4
Silica 76-212µm x x x x 5
Ti 64 In 718
All tests at 6.5 bar pressure.
450°C
Grit Test No
30° 45° 90° 30° 45° 90°
VA 53-106µm x x x x x x 8
Silica Dust 0-150µm x x x x x x 9
All tests at 6.5 bar pressure.
Ti 64 In 718
 
Impact Angle 
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4.4.2.1 Erosion of CMAS infiltrated samples 
The erosion rate of samples infiltrated with both volcanic ash and simulated CMAS of 
various compositions were analysed. Volcanic ash and standard CMAS [13] were aged at 
1250 
o
C, whereas other CMAS compositions were heat treated 50 
o
C above their melting 
point. The experiments were performed using the Cranfield university erosion rig at various 
conditions as summarised in the matrix in Table 18. 
Table 18: erosion tests to determine the effect of slag infiltration on the erosion rate of EB-PVD TBC 
Condition Impact angle TBC Type 
As received 30° and 90° EB-PVD 
VA infiltrated 90° EB-PVD 
CMAS infiltrated 90° EB-PVD 
 
The tests were conducted under the following test conditions: 
Temperature 850 °C 
Erodent Al2O3 (90 – 125 µm) 
Particle Feed rate 0.5 g/min 
Pressure  5.6 bar 
 Method 4.4.3
 
 
 
a b 
Figure 54: Cranfield University erosion rig a) Schematic and b) photograph by Wellman, R. G. 
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Figure 54 (a) is a schematic of the high temperature erosion rig that was used in this 
experiment.  There are a number of key components in the operation of this machine, starting 
with the compressor (C), producing compressed air which supplies a pressure vessel (P). This 
is there to ensure that a constant amount of compressed air is supplied to the heating system 
(H).  The air passes through a convoluted path in the pressurised heating system, which is 
electrically heated, before entering the acceleration tube (T).  The erodent material is fed via 
a screw feeder and a venturi nozzle into the acceleration tube, where the compressed air 
accelerates the particles before they impact the test specimen in the chamber (S).  The test 
samples are attached to a carousel, which is capable of holding six different specimens at 
different angles with respect to the impacting particles. Table 19 summarises the range of 
operating conditions attainable using this facility. 
Table 19: Operating capabilities of the test rig  
Temperature Range RT-850°C 
Particle Velocities 50-300 m/s (depending on particle size) 
Particle Size Range 50-1,000 µm (affects the max velocity) 
Impact Angles 30, 45, 60, 75 & 90° 
Particle Feed Rate 0.2-3g/min 
 
 Metallographic Preparation 
Cross sectioning of the samples were performed using a diamond cutting blade in a Brilliant 
200 precision cutting machine, at a relatively slow speed, which allowed for a good 
surface finish to be achieved and ensuring that no brittle fracture or rough edges of the 
sample occurred. Cross sectional mounting of the CMAS/VA infiltrated TBC samples for 
microstructural evaluation were performed using Durocit powder and liquid resin before 
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polishing. Prior to ESEM examination, micrographic preparation of the cross sectioned 
samples were required in order to study the material’s microstructure. The procedure 
involved grinding with a fixed diamond surface until planar, followed by additional 
grinding but this time starting with abracloth for 5 minutes before switching to planocloth 
for an additional 6 minutes. A summary of the microstructural preparation procedure is 
detailed in Table 20. Care had to be taken in order to avoid the unnecessary removal of 
material and smearing of small pores during the procedure. Extra polishing was required 
for EBSD samples, to remove any stressed top layer. 
Table 20: Ceramic preparation procedure 
Stage Surface Abrasive Pressure Speed – Direction Time 
Primary 
Grinding 
Fixed Diamond 40 µm MB Psi N 500 – Comp Until 
planar 5 25 
Additional 
Grinding 
Abracloth 9 µm (WB) 
PCD Diamond 
5 25 250 – Comp 5 mins 
Planocloth 3 µm (WB) 
PCD Diamond 
5 25 250 – Comp 6 mins 
Polishing  Planocloth 0.06 µm 
Colloidal Silica 
5 25 100 – Contra  6 mins 
For nanoindentation, the top surface of the samples were lightly polished and cleaned to 
minimise surface roughness and ensure the surfaces are free from grease and dirt which 
can affect the results. The specimens were then mounted on removable metal studs using 
a heat softening glue. This was an important process because if too much glue was used, 
the compliance of the glued joint would affect the nanoindentation results. For this reason, 
it was important to ensure that the specimens make good mechanical contact with the 
mount and that the glue only fills in the asperities in the contact surface. 
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 EBSD Specimen Preparation Techniques 4.4.5
The first step in obtaining EBSD data is sample preparation since EBSD is a near surface 
technique (5 – 20nm). Therefore, the condition of the sample surface is critical in order to 
obtain high quality EBSD patterns. Mechanical polishing alone is insufficient to obtain a 
strain-free and smooth surface for diffraction analysis, meaning the resulting EBSD patterns 
will be of poor quality or will not be visible at all. Bulk samples require cross-sectioning and 
polishing as mentioned above (sectioning, coarse grinding, fine grinding, rough polishing and 
final polishing), per normal SEM examination. In EBSD, an additional final step of fine 
polishing using colloidal silica suspension is necessary to remove any residual induced 
preparation damage, especially within a few nanometers of the surface. 
4.5 Thermochemical Experiment 
The effect of CMAS and volcanic ash interaction on TBCs was studied under an isothermal 
heat treatment condition, which involved placing the samples (from ambient temperature) in 
a calibrated furnace, pre-heated to 50 °C above the melting temperatures of the deposits. The 
samples were then allowed to soak at the set temperature and taken out at <1, 2, 4, 8, 50, 100, 
200, 500 and 1000 hours interval before being air cooled to room temperature, prior to 
analytical examination. 
 Furnace Profiling 4.5.1
Due to the temperature dependence of molten slag attack, it was considered important to 
understand the thermal efficiency and to get accurate and comprehensive temperature profile 
of the furnace used in this study. In order to obtain these results, a 3-D thermocouple 
structure was built to fit the interior of the furnace and the furnace was then run to its 
maximum capacity (in this case 1600 °C) and the thermocouple readings were compared 
against those of the furnace. The result revealed that, there is a discrepancy across the 
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furnace, with a slight drop in temperature the further away from the heating elements in the 
back of the furnace, moving towards the door of the furnace. Results also showed a thermal 
gradient between base and top of the furnace. The closest temperature to the actual reading 
was achieved at points located at the top and back of the furnace, ~20 °C. With this 
knowledge in mind, thermal ageing tests were performed taking into account this thermal 
discrepancy across the furnace. Allowances were made to compensate for the temperature 
delta within the furnace. 
 
 
Figure 55: Thermal profiling using thermocouple arrays monitored using MatLab computer software system. 
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5 Effect of CMAS Ingestion in the Compressor Section (Erosion): 
Results and Discussion 
5.1 Volcanic Ash Characterisation 
The images in Figure 56 are SEM micrographs of the different size fractions of the “as-
received” Eyjafjallajökull volcanic ash.  The chemical analyses given in Table 21a-c are the 
analyses of the different size fractions of the ash and are an average of 15 analyses, taken 
randomly across each size fraction. 
 
     
 
 
Figure 56:  SEM Micrographs of volcanic ash: a) greater than 300 µm, b) 90-300 µm and c) less than 50 µm. 
Table 21: SEM EDAX analysis of (a) Coarse, (b) Medium and (c) Fine size fractions of volcanic ash 
Element Wt. % At. % 
C 7 12.4 
O 38.3 51.3 
Na 3.2 3 
Al 7.7 6.1 
Si 25.1 19.1 
K 2.1 1.1 
Ca 3.7 2 
Ti 1.3 0.6 
Fe 11.7 4.5 
Total 100.1 100.1 
(a) 
Element Wt. % At. % 
C 5.8 9.9 
O 45.4 57.8 
Na 2.2 1.9 
Mg 1.1 0.9 
Al 7.4 5.6 
Si 25.3 18.4 
K 1.1 0.6 
Ca 3.6 1.9 
Ti 1.3 0.6 
Fe 6.9 2.5 
Total 100.1 100.1 
(b) 
Element Wt. % At. % 
C 5.8 9.3 
O 51.8 62.3 
Na 4.1 3.5 
Al 6.4 4.6 
Si 26.5 18.1 
K 2.3 1.1 
Ca 0.7 0.3 
Fe 2.4 0.8 
Total 100 100 
(c) 
 
 
 
(b) (a) (c) 
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These analyses permit the mass fraction of the different oxide phases to be calculated, from 
which the following mean compositions have been obtained, see Table 22. 
Table 22: Calculated mass fraction (%) by oxide phases in the volcanic ash used in the Cranfield erosion tests 
 Particle 
Size 
SiO2 Al2O3 Fe2O3 TiO2 Na2O K2O MgO CaO 
>300 µm 57.0 15.1 11.4 1.5 5.2 2.1 2.9 4.7 
90-300 µm 58.2 14.7 11.5 1.6 5.6 2.3 1.5 4.6 
< 50 µm 59.6 15.1 10.1 1.5 5.7 2.4 1.3 4.4 
5.2 Variation of Particle Size on Erosion Performance 
Erosion test results are presented as mass loss per mass of impacting particles, from which 
the erosion rate is then calculated. Erosion rate is a dimensionless parameter, but usually 
quoted at g/kg or mg/g. Results showing the effect of volcanic ash and silica on the erosion 
rates are shown on Figure 57 – Figure 58, for different size fractions.  
             (    )    
                   
                     
 
 
Figure 57a:  Mass Loss vs. Mass Erodent graph for VA 0-53 µm. 
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Figure 57b:  Mass loss graph for VA 53-106 µm test. 
 
 
Figure 57c:  Mass loss graph for VA 106-212 µm erosion test. 
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Figure 58a:  Mass loss against Mass Erodent graph for silica 0-150 µm erosion test. 
 
 
Figure 58b:  Mass loss graph for silica 76-212 µm erosion test. 
 
On examination, it is evident that Figure 57a – Figure 57c and Figure 58a – Figure 58b have 
slight curvature. This reflects the early accumulation of damage in the surface before “steady 
state” erosion is achieved.  In the early stages some particle embedment may occur (mass 
gain) as well as mass loss due to erosion and thus the measured early rate of erosion is less 
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than that at steady state. Steady state erosion rates, i.e. the rate achieved after some initial 
incubation period, were reported rather than the erosion rate determined from some end point 
measurement. The bar chart in Figure 59 plots the steady-state room temperature erosion rate 
between fine, medium and coarse volcanic ash and silica particle size for comparison 
purposes. 
 
 
Figure 59:  Bar chart of steady state erosion rates as a function of impact angle with volcanic ash (top) and silica 
(bottom) as the erodent, test at 6.5 bar, estimated gas velocity 252m/s. 
As expected for both volcanic ash and silica sand (Figure 59), the maximum erosion rate is at 
low impact angles, indicating a ductile erosion mechanism. Further, there appears to be only 
a small dependence of steady state erosion rate on particle size for the volcanic ash (VA) as 
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can be seen in Figure 59. The erosion rates are all reported as mass loss per mass of erodent 
(g/kg), however, it must be borne in mind that there is a big difference in density between 
Ti64 (Ti-6Al-4V) and IN718 (4.43 to 8.22 SG respectively) and this would alter the relative 
performance between these two materials should volume loss per mass of erodent be used as 
the measure of erosion damage. 
For fine and coarse silica sand, the fine silica sand would appear more erosive than the 
equivalent VA at all impact angles, whereas the coarse silica sand is less erosive than VA at 
30 impact, but more erosive at 90 impact. The corresponding erosion rate values are 
tabulated below (Table 23). 
Table 23: Steady State’ Erosion Rates for Room Temperature Tests  
Test conditions Ti6Al4V IN718  
Volcanic Ash 
0-53 µm 30 1.61 2.06 
0-53 µm 45 1.30 1.98 
0-53 µm 90 0.83 1.31 
53-106 µm 30 1.75 2.18 
53-106 µm 45 1.52 2.11 
53-106 µm 90 0.99 1.40 
106-212 µm 30 1.51 1.82 
106-212 µm 45 1.32 1.79 
106-212 µm 90 0.82 1.12 
Silica Sand 
0-150 µm 30 2.15 2.53 
0-150 µm 45 1.60 2.25 
0-150 µm 90 0.91 1.49 
76-212 µm 30 1.28 1.64 
76-212 µm 90 1.29 1.89 
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5.3 Variation of Velocity on Erosion Performance 
Variation in gas velocity is achieved by changing the accelerating pressure in the erosion rig. 
The rig gas velocity is controlled by the pressure in the gas reservoir, prior to particle 
injection; this was maintained at 3.0, 4.5 and 6.5 bar giving room temperature gas velocities 
of 155, 210 and 252m/s respectively. Increasing the accelerating pressure equates to increase 
in the gas velocity, which can be calculated using Fanno flow theory [154]. Erosion rate is 
dependent upon the impacting velocity, and the rate is expected to be different with different 
impacting particle, particle size and different materials. Figure 60 gives the erosion rates of 
the two alloys (Ti64 and IN718) with different impacting particles, plotted as a function of 
accelerating pressure at a 30° impact angle.   
 
 
 
 
 
 
 
 
 
Figure 60: Bar chart of the erosion rates at different accelerating pressures using volcanic ash and silica as the 
erodent at 3 bar, 4.5 bar and 6.5 bar. 
Figure 61 and Figure 62 plot the erosion behaviour of Ti64 and IN718 as a function of gas 
velocity when eroded by volcanic ash. Similar figures using silica sand are presented in 
Figure 63 and Figure 64. All four figures show that the dimensionless erosion rate (g/kg) 
follows a power law dependence on gas velocity, with an exponent close to 2.4. This 
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behaviour is consistent with and as one would expect from a ductile erosion mechanism, 
where erosion rate would have a power law dependence on particle velocity with an exponent 
between 2.0-2.4. 
 
Figure 61: Erosion Rate of Ti-6Al-4V (Ti64) by Volcanic Ash, Effect of Gas Velocity 
 
Figure 62: Erosion Rate of IN718 by Volcanic Ash, Effect of Gas Velocity 
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Figure 63: Erosion Rate of Ti-6Al-4V (Ti64) by MIL Spec Sand, Effect of Gas Velocity 
 
Figure 64: Erosion Rate of IN718 by MIL Spec Sand, Effect of Gas Velocity 
Thus, the following equations may be used to predict the erosion rate of volcanic ash and 
MIL spec sand for Ti-6Al-4V (Ti64) and IN718, when eroded at a 30 impact angle (peak 
erosion condition for ductile erosion). 
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For volcanic ash; 
 
Ti64 erosion can be modelled with the following equation, when eroded under ductile erosion 
conditions (30° impact): 
E = 3.23 x 10
-6
. V
2.40
  Equation 13 
 
 
For IN718 the equation is: 
 
E = 3.11 x 10
-6
. V
2.45
  Equation 14 
 
For silica sand; 
 
Ti64 erosion can be modelled with the following equation under ductile erosion conditions 
(30C): 
 
E = 3.40 x 10
-6
. V
2.41
 Equation 15 
 
     
For IN718 the equation is: 
 
E = 2.92 x 10
-6
, V
2.47
  Equation 16 
 
    
Where V is the gas velocity in m/s and E is the dimensionless erosion rate in g/kg. It can be 
seen that the velocity models fit well to the erosion data plotted in Figure 61 to Figure 64. 
5.4 Effect of Substrate Temperature on Erosion Performance 
Variation in temperature (room temperature and 450
o 
C) tests was conducted at impact angles 
of 30, 45 and 90 at 6.5 bar, on Ti64 and IN718 substrates. The high temperature erosion rig 
at Cranfield University operates at constant acceleration pressure rather than constant 
velocity. Increasing the operating temperature will increase the gas volume flux (the gas mass 
flux remained much the same), resulting in a much higher calculated value of gas velocity. 
Figure 65 present results comparisons of the high temperature tests. 
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Figure 65: Erosion rate at different impact angles at 450 °C, 6.5 bar, using volcanic ash and silica as the erodent 
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The calculated erosion rates suggest that when testing at higher temperature, the erosion rates 
with volcanic ash are highest at room temperature, decreasing as the gas temperature is 
increased. This behaviour applies both for glancing angle impact (20 – 30°) and normal 
impact (90°). Similar trends were observed with both Ti64 and IN718. Erosion rates at 
250m/s gas flow, under ductile erosion conditions, were calculated from the test results. Thus 
Ti64 is expected to erode at a rate of 0.94g/kg at 450 °C and a gas velocity of 250m/s, 
compared with 1.49g/kg measured at room temperature. For IN718 the erosion rate calculated 
was 1.35g/kg at 450 °C and 250m/s, compared to 1.80g/kg measured at room temperature. 
The hypothesis that in the compressor section, variations in temperature, impact velocity and 
particular size will affect the rate of erosion of compressor materials is supported based on 
the results discussed in this section. However, the dependency of erosion mechanism on 
temperatures, impact velocity and particle size was not fully established. Temperature, impact 
velocity and particle size have all shown to be important parameters in determining the 
erosion rate. 
5.5 Erosion behaviour of CMAS modified EB-PVD TBC 
 Method and Results 5.5.1
This section was done as a joint collaboration with a second year PhD student (Arthur 
Hawkins). Arthur’s thesis was studying and modelling the erosion mechanism of aero engine 
coatings. Arthur performed the erosion tests, while the CMAS chemical attack and discussion 
of the erosion results was done as part of this project. 
For the purpose of this study, the amount of coverage was kept at a minimum in order to 
measure the erosion properties of a sample that had been sufficiently degraded rather than 
measuring the erosion rate of a glassy layer formed at the surface of the sample. CMAS glaze 
has been shown to have excellent erosion properties [155]. 4.8mg/cm
2
 (0.2g per coupon) of 
Chapter 5: Results and Discussion 
125 
 
CMAS was selected to be the amount of coverage because it was deemed necessary for the 
samples to have uniform degradation. Whitman et al. [13] reported this level of coverage to 
cause uniform attack characterised by the formation of globular particles to approximately 35 
µm depth within the TBC, with no excess CMAS on the surface. The erosion testing was 
performed under the following conditions: 
o Erodent – Al2O3 (90 – 125 µm) 
o Pressure – 5.6 bar (Approx. 100m/s velocity of gas stream) 
o Temperature – 850 °C 
o Erodent feed rate – 0.5 g/min 
o Samples weighed at 30 second intervals to give a steady state erosion rate.  
 
 
 
 
 
 
 
Figure 66: Diagram of erosion test rig (Courtesy of Wellman, R. G.) 
 Discussion 5.5.2
CMAS infiltrated samples have a significantly higher initial erosion rate than the reference 
samples with no CMAS, which then reduces slightly when it settles into a steady state rate. 
The steady state erosion rate shown in Figure 67 was calculated from the steady state erosion 
test data, eliminating the ambiguous initial erosion rate. The predominant mode of material 
loss for CMAS infiltrated samples was found to be the near surface cracking mechanism. The 
CMAS attack on the EB PVD columns causes degradation of microstructure which leads to 
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an increase in erosion rate because cracks can easily propagate from one column to another 
where sintered together.  
 
Figure 67: Showing the erosion rates of the infiltrated samples. 
However, the reference EB PVD sample exhibited enhanced erosion resistance, as shown in 
Figure 68, since its columnar microstructure allows for columns to erode and fracture almost 
independently of each other thus reducing horizontal cracking per impacting particle (an 
erosion mechanism more predominant in PS TBC’s [6; 156; 157]). The columnar boundaries 
in EB-PVD TBC microstructure have been shown to inhibit crack propagation [158; 159].   
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Figure 68: Micrograph of an eroded EB-PVD sample, showing less damage to the more independent columns 
The addition of CMAS to an EB PVD TBC causes neighbouring columns to “stick” together 
and during particle impact, more than one column is damaged leading to an increase in the 
erosion rate. Therefore, CMAS infiltrated samples are more susceptibility to horizontal 
cracking (Figure 69). Additionally, the globular pores in the coating caused by CMAS attack 
create points of weakness within the structure and upon particle impacts results in cracks 
which may eventually merge with other pores (accelerating crack propagation), leading to 
spallation of the TBC. CMAS attack of PYSZ TBC will instigate a phase transformation from 
tetragonal to the brittle monoclinic phase thereby increasing the erosion rate. 
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Figure 69 Increase in erosion rate of CMAS infiltrated sample caused by sintering of columns 
CMAS infiltration 
causing ‘sticking’ 
of neighbouring 
columns. 
Segmentation cracks; a characteristic feature of erosion of molten 
deposits (CMAS and VA) infiltrated EB-PVD TBCs due to the 
eradication of the accustomed strain tolerance associated with columnar 
structures. Components in the molten deposits (especially CaO) act as 
sintering aid causing the columns to stick together and upon impact, 
segmentation cracks are generated as an energy release mechanism. 
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6 Chemical (Molten Deposit) Attack of PYSZ in the Turbine 
Section: Results and Discussion 
In the compressor section, debris (volcanic ash and sand) impacting components of the 
compressor section may cause erosion problems. Concurrently, these debris are being 
efficiently milled during compression into fine particles which are carried in the gas stream 
beyond the compressor and subsequently into the combustion chamber. The air is therefore 
heated in the combustor where melting of the fine volcanic ash and sand occurs. The molten 
deposit is propelled into the turbine section where it is deposited on the surface of turbine 
blades. The molten deposit will chemically attack the TBCs on the surface of turbine blades. 
This chemical attack of TBCs is discussed in this chapter. 
6.1 Effect of Varying the Amount of Coverage, Time and Temperature on 
Severity of Standard CMAS and Volcanic Ash Attack of PYSZ 
 Short-term Exposure to Standard CMAS and Volcanic Ash 6.1.1
Short-term in this study refers to short exposure time at temperatures above the melting point 
of the deposit and exposed for between 1 and 24 hours. Therefore it was very important to 
accurately establish the melting points of the deposits used. Figure 36 is a DSC trace of a 
sample of the Eyjafjallajokull volcanic ash with a melting point of ~1200 °C, whilst Figure 
74 illustrates DCS curves of two synthetic CMAS (Low and High B.I. compositions). Short-
term exposures were performed at different times by varying the coverage to determine the 
effect of times at temperature on standard PYSZ EB-PVD TBC. The following analytical 
techniques were used to characterise the results and enabling to map the degradation 
mechanism. 
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6.1.1.1 Visual Examination 
Visual examination of the samples after testing revealed no obvious evidence of coating 
degradation as well as no evidence of a glassy layer of molten slag on the top of the coating. 
However, various authors [11; 13; 66] have reported the formation of this glassy layer on the 
surface of the coating which is due to the excess coverage of CMAS (saturated coverage) 
used in testing. In order to ascertain the thermochemical effect of molten slag, microscopic 
investigation was required. These experiments were performed using the minimum level 
(5mg/cm
2
) of CMAS/VA necessary to cause attack (as determined by Whitman et al. [13]). 
ESEM equipped with energy dispersive X-ray spectroscopy (EDAX) was used to analyse the 
samples.  
6.1.1.2 X-Ray Diffraction (XRD) 
The XRD spectrum of the as-received yttria stabilised zirconia TBC is shown in Figure 70. 
The “as-received” 7-8wt% YSZ top coat is composed of the non-transformable t' tetragonal 
phase zirconia, which is in agreement with the expected composition based on the Y2O3–
ZrO2 phase diagram. The t' phase is not an equilibrium phase and it is formed by a 
diffusionless transformation mechanism of the high temperature cubic phase, due to rapid 
solidification during the deposition process. The t' phase differs from other possible phases 
(monoclinic and transformable tetragonal) notably it’s higher yttria content, hence further 
confirmation of the constituent phases can be drawn from an EDAX analysis. However, for 
VA/CMAS infiltrated samples, the X-ray data showed a transformation from the t' phase and 
mainly consisted of the monoclinic and tetragonal phases of the zirconia polymorph. The 
tetragonal peaks appeared in different positions (Figure 71) due to them having different 
amount of yttria content within the tetragonal phase. This slight difference in yttria content 
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affected their lattice parameter hence the tetragonal peaks are not in exactly the same 
position. 
 
Figure 70: XRD spectrum of the as-received 7-8wt% YSZ top coat. 
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Figure 71: XRD spectrum of slag infiltrated 7-8wt% YSZ top coat. 
6.1.1.3 Scanning Electron Microscope (SEM) 
Comparison of the as-received YSZ XRD spectrum (Figure 70) with the slag infiltrated 
spectrum (Figure 71) revealed that the position of the tetragonal peaks in both spectra is not 
in exactly the same position. This is an indication of different phases (or stress) in the 
samples suggesting that there is a variation in yttria content between the samples due to the 
presence of oxides impurities (CMAS).  In order to investigate these differences, destructive 
evaluation (in the form of cross-sectioning, polishing and microstructural analysis in the 
SEM) was necessary. For delicate samples, where extra conductive coating if applied to the 
surface may interfere with results, ESEM was used to examine for changes in microstructure 
and morphology of the TBC and also to analyse for compositional changes across the 
samples. Otherwise, the samples were coated with gold/palladium and examined in an SEM 
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using high resolution. Figure 72 shows the microstructure of a reference YSZ sample, in top 
and cross-sectional view before infiltrated with standard CMAS, note the pyramidal nature of 
the top of the columns.  
 
Figure 72: 7-8wt% YSZ TBC microstructure a) top and b) cross-sectional view before infiltration. 
  Samples infiltrated with volcanic ash and CMAS were studied. The results showed that, 
overall CMAS induced greater coating degradation than volcanic ash (Figure 73).  It is 
evident from Figure 73 that CMAS reacted more with the TBC than volcanic ash, under 
similar conditions of exposure time, temperature and amount of coverage, with composition 
of the deposit being the only variable. At first glance after four hours exposure, samples that 
were covered with standard CMAS composition showed severe damage to the tips of the 
TBC columns, whereas volcanic ash samples showed a minimal degree of damage, with the 
column tips almost intact. 50 °C above melting temperature was selected to be the exposure 
temperature, in order to ensure melting of the volcanic ash and CMAS occurred.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) 
(b) 
(b) 
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Figure 73: 7-8wt% YSZ TBC infiltrated with 5mg/cm
2
 a) CMAS, and b) volcanic ash, heat treated at melting 
point + 50 °C (1300 °C) for 4 hours. 
6.1.1.4 Differential Scanning Calorimetry (DSC) 
Differential Scanning Calorimetry (DSC) was used to study the glass transition temperature 
(Tg), the crystallisation temperature (Tc) and the melting temperature (Tm) of the different 
compositions used throughout this study. Figure 74 illustrates a DSC trace of the melt 
transition of a “standard” CMAS composition, which has a melting temperature of ~1258 °C. 
 
Figure 74: DSC curves of synthetic CMAS with composition C24M10A7S59, in mole%. 
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The variation in melting temperatures can be confirmed by comparing various CMAS 
compositions to a ternary phase diagram [13], where the standard CMAS composition is 
found within the Anorthite region compared to the High B.I. CMAS which sits in the lime 
region. This confirms the study by Stott et al. [65] which noted that CMAS melting 
temperature may vary depending on composition. 
 Effect of Time on Standard CMAS and Volcanic Ash Attack 6.1.2
The columnar, high porosity microstructure of electron beam physical vapour deposited (EB-
PVD) TBCs make them susceptible to CMAS and volcanic ash attack. The molten deposit is 
able to penetrate the TBC columns by capillary action and by so doing, creating an 
interaction zone where yttria is sufficiently depleted from the bulk TBC, allowing the 
detrimental phase transformation from monoclinic to tetragonal. However, the columnar 
microstructure is important as it improves the strain tolerance of the system caused by the 
mismatch of thermal expansion, although this characteristic of the coating deteriorates with 
inﬁltration of molten deposits. Standard CMAS and volcanic ash attack mechanism is 
reported in literature [10; 11; 22; 68; 76; 160] to be driven by diffusion kinetics (dissolution 
and re-precipitation), which is a time and temperature dependent phenomenon.  
To determine the time dependency of this method of TBC failure, a series of samples were 
exposed for different exposure times whilst keeping the temperature and amount of coverage 
constant.  This research is a follow up from previous study by a Cranfield University MSc 
student, Gemma Whitman [13], looking at the minimum level of CMAS necessary to initiate 
CMAS attack. Whitman et al. [13] found that when the amount of CMAS deposited on the 
EB-PVD TBC samples were below 0.02g (4.8mg/cm
2
), the samples showed very minimal 
degradation, with no great loss of microstructural identity, all columnar tips remaining fully 
intact. However, above this minimum concentration of CMAS (>4.8mg/cm
2
), the coating 
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showed extensive microstructural evolution, with substantial degradation to the column tips. 
The result also showed that, time and concentration plays an important role in CMAS and 
CMAS-type (volcanic ash) degradation mechanism.  
The thermochemical degradation mechanism was found to be attributed to the wetting 
characteristic of CMAS. Kramer et al. [11] also explained that standard CMAS composition 
has an affinity for 7YSZ TBC, and can easily wet and dissolve the TBC into the CMAS melt 
which re-precipitates with a different morphology and composition upon cooling. 
In order to study the effect that time has on coating degradation, concentration was kept 
constant at minimum coverage (4.8mg/cm
2
). Since Kramer et al. [11] indicated that full 
infiltration of CMAS occurs at 1300 °C, this was the temperature chosen for this set of 
experiments. The rate at which CMAS infiltrated the TBC was reported to be very high when 
the amount of coverage was in excess [11]; [13]. Excess CMAS coverage in this thesis refers 
to deposit above the minimum level (>4.8mg/cm
2
), sufficient to cause significant coating 
degradation and enough to form a glassy layer on the surface of the coating. It was noticed 
for this set of tests that the exposure time plays an important role in molten deposit attack, 
especially initiating the attack. However, the effect of exposure time was significantly less in 
the second phase of the attack; propagation to completion, other factors being equal.  
Standard CMAS attack mechanism of TBC was found not to be an instantaneous 
phenomenon, meaning time is required for the deposits to react with the coating and also for 
phase transformation to occur. Since the mechanism is diffusion related, exchange of species 
will also take place. This theory is supported by the observation that for the first two hours of 
ageing at 1300 °C, the samples showed minimal damage, apart from the obvious feathering 
attack which is expected after one hour of ageing at this temperature (Figure 75). As can be 
seen from the micrographs in Figure 75, both samples retained their microstructural 
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identities, except for minor tips degradation which was progressed further after two hours 
exposure. 
  
 
Figure 75: ESEM images of an EB-PVD TBC sprayed with 4.8mg/cm
2
 of VA deposit then heat treated at 1300 
°C for a) 1h, and b) 2h. 
 Effect of Temperature on Standard CMAS and Volcanic Ash Attack 6.1.3
In order to investigate the effect of temperature on volcanic ash and CMAS attack, it was 
vital to first determine the melting temperatures of each deposit. This was achieved by DSC 
analysis. Once their melting points were established, experiments were then designed to 
determine whether or not temperature has an effect on this mode of attack. For the purpose of 
temperature effect, the experiments were split into two sub-category; low temperature and 
high temperature experiments.  
6.1.3.1 Long-term; Low Temperature Experiments  
Low temperature in this study refers to thermal exposure below the transition temperature 
(below melting point) of the deposit. In these experiments, samples were heated to 1100 °C. 
Due to the nature of these tests, amount of coverage was not considered to be a variable 
hence these experiments were performed using relatively high amounts of VA/CMAS 
(a) (b) 
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coverage (24mg/cm
2
) to try and induce significant damage. Figure 76 shows that, both 
deposits did not melt at 1100 °C test temperature but sintering of the CMAS deposit was 
noted. This was expected based on the melting point analysis obtained by the DSC revealing 
the melting point to be ~1258 °C. Figure 76 also showed that both VA and CMAS reacted 
differently depending on the exposure time, since VA/CMAS induced degradation is time 
dependent mechanism. 
 
a 
 
b 
Figure 76: ESEM analysis of TBC samples coated with 24mg/cm
2
 of a) CMAS and b) VA, after ageing at 1100 
°C for 100h showing solid particles sitting on the surface of the coating. 
Low temperature tests were conducted for 8, 50, 100, 200, 500 and 1000 hours at 1100 °C in 
a box furnace. Two samples were used for each programme – one standard electron beam 
physical vapour deposited 7-8 wt% YSZ (standard/white TBC) and one Er-doped PYZ (pink 
TBC) sample. Firstly, the samples were examined to determine whether any melting of 
VA/CMAS had occurred (Figure 76). Cross section examination showed no apparent 
microstructural damage to both the standard YSZ and doped samples sprayed with volcanic 
ash and aged below 200 hours. However, SEM micrographs showed visible changes to the 
microstructure for samples sprayed with volcanic ash and aged above 200 hours, as illustrated 
on Figure 77. Samples with CMAS sprayed on the surface showed no major microstructural 
damage even when heat treated for 1000 hours. The reason for this being the temperature 
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differential (ΔT) between the test temperature and the melting point of CMAS was wider (~ 
160 °C) compared to volcanic ash. The proximity of VA melting point was within ~5% of the 
test temperature while for CMAS it was more than double, ~12%.  
  
  
  
 
Figure 77: Cross-sectional scanning electron micrograph of an EB-PVD 7-8wt% YSZ samples 1) standard/white 
and 2) Er-doped/Pink TBC, heat treated for 1000 hours at 1100 °C, showing low temperature, long term 
damage. 
Low temperature molten deposits induced degradation takes place by means of solid state 
diffusion. The diffusion mechanism was mostly along line (channels along the grain 
boundaries) and surface defects, (sintering, cracks, porosity). Solid state diffusion in oxides is 
a function of the temperature, activities of the constituents of the compounds, the 
microstructure, grain size, porosity and the presence of cracks. Due to the nature of the 
microstructure of EB-PVD TBC (columnar structure full of micro-pores and nano-pores), 
EB-PVD coatings are particularly susceptible to solid state diffusion. 
1a 1b 
2a 2b 
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6.1.3.2 High Temperature Experiments 
High temperature refers to temperatures above the melting point of the deposit used. It was 
noticed that, temperature has an effect on the rate and depth of coating degradation, but not 
necessarily impacting on the mechanism of damage and the severity of attack. As the 
temperature increased above the melting point, the rate of reaction speeds up, meaning that 
the deposit is being used up at a quicker rate and the depth of penetration is faster. As seen on 
Figure 78, the melt has infiltrated the entire TBC thickness, yet the damage mechanism was 
similar to that observed for low temperature attack. The images in Figure 78 are indicative of 
a phase transformation from tꞌ to monoclinic, as a result of increased Y2O3 leaching rate. 
EDAX later confirmed that substantial amount of yttria had been leached out in this area 
(spectrums 1-4, Figure 89), which instigated a phase transformation as stated earlier.  
 
 
Figure 78: VA infiltrated thickness of TBC, 4h at 1400 °C, 24mg/cm
2
. Similar damage mechanism but extensive 
slag penetration 
The effect of temperature on reactions below the melting temperature of slag was found to be 
much higher than above the melting point. Reason being that the energy barrier necessary to 
initiate solid state reactants (in the case of low temperature reaction) is far higher than in 
liquid-solid reactant (high temperature experiment). The major difference increasing 
temperature was found to have on high temperature experiment was the increased in the pace 
of the reaction, however following the same reaction route. As per the results discussed in 
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this section, the formulated hypotheses that changing the amount of CMAS deposited and time at 
temperature (Severity of exposure) will both affect the rate of CMAS attack is proven to be valid. 
CMAS deposits get used up during the chemical attack hence by varying the quantity of CMAS 
available the rate of CMAS attack also changes. Study of the effect of time at temperature was 
divided into two sections; low and high temperature effects. It was found that, increasing the exposure 
temperature accelerates the rate of attack.  
6.2 Stages of Standard CMAS and Volcanic Ash Attack 
The theory proposed in this thesis is that, the system is required to attain a certain activation 
energy state for the reaction to commence. Initially, the system absorbs energy in order to get 
to an equilibrium state to excite the reactants and favour a reaction between the deposit and 
TBC structure. This stage is termed the initiation phase and is quickly proceeded by an 
adhesion phase. Adhesion plays an important role in determining whether a fluid in the 
presence of a solid has the correct energy to bind to the solid surface (i.e. whether or not both 
the slag and the coating surface have suitable surface energies to facilitate sticking of the 
molten slag to the coating surface). Adhesion is a function of wettability (surface 
tension/surface energy) of the system. Wettability is defined as the tendency of a fluid to 
spread on and preferentially adhere to or “wet” a solid surface in the presence of other 
immiscible fluids. Wetting behaviour gives an indication of the ability to penetrate, and a 
measure of the driving force for penetration, but not necessarily the degree of chemical 
attack. Wettability can be measured by the contact angle in a sessile drop (SD) test for which, 
                   Equation 17 
when the liquid wets the surface. Here   = contact angle, less than 90° when wetting the 
surface; and    ,     and     are the surface energies (tensions) of solid - liquid, liquid - 
vapour and solid – vapour respectively. 
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The measurement of the contact angle can be taken as a good indicator of wettability; it 
actually measures the change in surface energy as a result of melt penetration (see Equation 
17). The larger the contact angle, the more difficult it is to wet a given solid with the 
particular liquid. If θ <90°, then the liquid exhibits an affinity for the surface, it can lower the 
surface energy by wetting the surface. If θ =0°, the surface is strongly wetting (perfectly 
wetting liquids). If θ >90°, the liquid exhibits an aversion for the surface (degree of non-
wetting). If θ =180°, then the liquid is non-wetting. Volcanic ash (VA) and CMAS are 
expected to have different wetting behaviour, which is influenced by the chemical 
composition of the compound. A compound with higher chemical complexity is expected to 
have lower wettability compared to a compound with less chemical complexity. On this 
basis, CMAS would be expected to have better wetting characteristics than volcanic ash 
because there are fewer elements in CMAS compared to VA, hence CMAS is expected to 
have a greater depth of penetration. However, this was contrary to the observations made in 
this study, where volcanic ash had infiltrated the entire TBC (~200 µm) after just four hours 
at 1300 °C with excess amount of coverage, whereas CMAS can only penetrate ~82 µm 
(~41% penetration depth) under similar conditions, as is seen in the images in Figure 79. One 
likely explanation for this observation may be attributed to the fact that VA has a lower B.I. 
(0.46). This low B.I. composition is less viscous, hence will penetrate further compared to 
standard CMAS which has a much higher B.I. value (1.08) and therefore was expected to be 
more viscous, other factors being equal. 
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Figure 79: The depth of penetration of standard/white TBC aged for 4h at 1300 °C. (a) CMAS and (b) VA 
showing penetration through entire TBC. 
Once all conditions are favourable for an attack to take place, the reaction then enters into an 
incubation phase. The incubation period refers to the time it takes for the reaction to stabilise, 
to the time it takes for the reaction to show first symptoms of damage. All the above stages 
occurred within the first two hours of thermal ageing before any symptoms of severe 
degradation. This initial stage of attack is a very slow process due to the high energy barriers 
involved and influence of heat over time (diffusion kinetics) that is necessary to overcome the 
energy barrier.   
  
  
Figure 80: Cross-sectional SEM micrograph of standard/white TBC heat treated for 4h at 1300 °C a) 4.8mg/cm
2
 
CMAS showing complete degradation of columnar tips b) 4.8mg/cm
2
 VA showing severe coating degradation. 
(a) (b) 
(a) (b) 
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Figure 80 shows that both VA and CMAS have infiltrated the TBC columns, with varying 
degree of damage after 4h of exposure. However, CMAS attack showed a more adverse 
attack, with complete degradation of the tips, whereas volcanic ash tends to form a reactive 
phase (~5 µm around the column tips), but with less damage observed to the TBC 
microstructure. Elemental analysis of this region revealed this area to be a silica-rich phase, 
zirconium silicate (ZrSiO4), as shown on Figure 81.  
 
 
Figure 81: EDAX analysis of the protective phase formed by VA attack on 7-8% YSZ TBC. 
For the level of degradation observed in Figure 80 to occur, all conditions mentioned above 
(minimum coverage at 1300 °C) and reaction path (initiation, adhesion and incubation phase) 
must be satisfied and the reaction must have exceeded the “two hours” threshold. In the case 
of Figure 80, the samples were exposed for four hours and the reaction had entered the next 
phase of attack, the penetration phase. Melt penetration mechanism proceeds via TBC pores 
and down column boundaries, given that standard 7YSZ TBC is about 30% porous (thereby 
giving the coating its strain tolerance), this can be rapid. This melt penetration mechanism 
involves silica in the melt reacting with the TBC by leaching Y2O3 from the ZrO2 grains, so 
ZrSiO4 
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destabilising the TBC, so that it transforms from a tetragonal to a monoclinic phase. Figure 
82 shows an EDAX analysis performed in the globular regions, confirming that CMAS has 
infiltrated the pores and formed a reacted composition (phase). EDAX analysis revealed that, 
the deposit composition filling the pores results in 1:1 and 1:9 CaO/SiO2 mole ratios for 
CMAS and VA samples respectively. These atomic ratios indicate that, samples with CMAS 
form a phase transformation from pseudo-wollastonite to an anhydrite phase, whereas VA 
infiltrated samples result to anorthite transformation (based on the phase diagram in Figure 
48).  
 
Figure 82: SEM-EDAX elemental analysis of globular pore deposits of CMAS. 
When the pores are infiltrated with molten deposits, the coating can no longer adjust to the 
thermal cycle, and it spalls. Penetration rate is a function of chemical composition, 
temperature and time. The penetration depth was measured using an analytical package built 
in the environmental scanning electron microscope.  
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Figure 83: ESEM images showing depth of penetration of CMAS and VA infiltrated samples shown on a and b 
respectively. 
Figure 83 revealed that volcanic ash had a greater rate of penetration compared to synthetic 
CMAS, when exposed for 4h at 1250 °C, with VA samples averaging 187 µm depth while 
CMAS infiltrated samples have an average penetration depth of 76 µm. Table 24 and Table 
25 show the depth of penetration of both VA and CMAS with their calculated Median Rank 
(MR) values.   
Table 24: Statistical Analysis and Ranked-Ordered depth of penetration for CMAS (probability values relate to 
chance of greater depth) 
Depth of 
penetration, 
µm 
Rank 
Median 
Rank (MR) 
62.8 1 0.109 
70.3 2 0.266 
80.6 3 0.422 
81.9 4 0.578 
83.9 5 0.734 
126.6 6 0.891 
 
 
 
 
(a) (b) 
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Table 25: Statistical Analysis and Ranked-Ordered depth of penetration for VA (probability values relate to 
chance of greater depth) 
Depth of 
penetration, 
µm 
Rank 
Median 
Rank (MR) 
180.9 1 0.109 
180.9 1 0.266 
181.4 3 0.422 
192.7 4 0.578 
195.3 5 0.734 
195.3 5 0.891 
Bernard’s Formula was used to estimate the Median Rank for each depth of penetration after 
four hours exposure with CMAS (Table 24) and volcanic ash (Table 25). The Median Rank is 
the point on the distribution at which the failure value is equally expected to fall above or 
below. A range of penetration depths were sampled and the cumulative probability 
distribution for CMAS revealed that the probability of the depth of penetration being less 
than 62.8 µm is 11% and 89% probability of CMAS to have penetrated up to 126.6 µm of the 
TBC (Table 24). With VA, one would expect 11% of the sample as a whole to have a 
penetration depth of 180.9 µm and 89% of the sample to the sample to have a penetration 
depth of up to 195.3 µm (Table 25).  
Once penetration has occurred and these reacted phases are formed, the reaction then 
proceeds to the propagation phase should all other factors be equal. The propagation phase 
creates a chain of reaction until the reaction goes to completion, which in this case is 
degradation of the TBC performance. The penetration and propagation stage is where the 
coating degradation mechanism takes place. The damage mechanism is time-temperature 
dependent and it is driven by dissolution of the TBC and diffusion (leaching out) of yttria, 
resulting in a phase transformation from metastable tetragonal phase (t') to monoclinic phase 
(m) (t' → m + F), as shown by Whitman [83]. 
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So far, exposure time has proven to play a significant role in short-term CMAS degradation, 
from initiation to failure.  At same condition of 4.8mg/cm
2
 slag concentration and an ageing 
temperature of 1300 °C, VA and CMAS samples were heat treated for eight hours and 
examined. The samples were quite similar to the four hours samples, with the only noticeable 
difference being a slight increase in the depth of penetration (Figure 84). This observation 
agrees well with that made by Whitman [13], in which she noted that the depth of formation 
of the globular particles being the major difference. It can be said that, time dependency of 
molten slag attack is significant until the reaction gets into the propagation phase (2 – 4 hours 
exposure; with minimal concentration), beyond this duration, an exponential increase in 
exposure time is not respondent with proportional increase in the degree of damage. 
However, as mentioned earlier, the depth of penetration is time dependent hence the reason 
there was a slight increase in the penetration depth, up to the point where the deposits are 
eventually “used up” or “reacted” to form different phases. Exposure time may influence the 
depth of CMAS penetration but does not influence or alter the mechanism of attack. 
 
Figure 84: 8h showing increased depth of penetration of globular particles near base of TBC. 
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The map on Figure 85 summarises the reaction process of short-term/minimum level 
coverage attack mechanism. Time is a very important parameter in terms of initiating the 
reaction of molten deposits and coating chemistry, and propagating the attack to the point of 
coating failure. This process is believed to take 2 – 4 hours when the amount of coverage 
applied is minimum (meaning there is no formation of the glassy coating after heating). 
However, it was noted that, once the reaction has gone beyond the propagation phase, the 
effect of time as a factor of molten deposits attack was diminished. 
 
 
Figure 85: Reaction path of TBC attack with minimum amount of CMAS, to demonstrate exposure time effect 
on molten deposits attack. 
Time 
Stages of CMAS 
Attack 
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6.3 Attack of PYSZ by Low Basicity Index (Acidic) deposits: B.I. < 1.8 
Whilst the initial objective of this study was to investigate the interaction of volcanic ash and 
“standard CMAS” with EB-PVD TBC, simulating chemical attack in the turbine section of 
the engine, it became evident early on that the chemical composition of the melts would 
affect how the PYSZ reacts. Seok et al. [13] reported attack of the ceramic lining in blast 
furnace by molten slag, by-product of steel making. They also reported that the reaction 
product changes depending on the Basicity of the slag. Hence very earlier in this study, the 
question was posed; would the Basicity of different CMAS compositions affect its 
degradation mechanism? Would Basicity have an effect on the severity of damage? In order 
to answer these questions, Seok et al. [110] theory of Basicity was adopted and experiments 
were designed to investigate zirconia reactivity in acid-base slag.  
Low B. I. deposits are CMAS compositions mainly found in temperate regions like in 
Europe, thereby most likely to be found in aircraft engines travelling across European 
airspace. Low B. I. refers to a CaO/SiO2 ratio < 1.8. Generally, almost all model CMAS 
compositions used by previous authors fall into this low Basicity Index region (Figure 49) 
category and therefore the damage mechanisms observed were very similar, although varying 
degrees of the severity of attack were observed. The Low B. I. composition used in this 
category was C24M10A7S59 mol%, B.I. = 0.69, having a melting temperature of 1234 °C. 
However, the “standard” CMAS (C35M10A7S48 mole%, B.I. = 1.08) and Eyjafjallajokull 
volcanic ash (B.I. = 0.46) compositions also studied belong to the Low B.I. category and 
comparison will be drawn between the three Low B.I. attack mechanism. The top view of a 
low B.I. deposited sample after ageing can be seen from the image in Figure 86. In the case, 
excess coverage of Low B. I. CMAS (24mg/cm
2
) was employed.  
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Figure 86: Top analysis of Low B.I. deposited sample after 4h at 1285 °C, showing formation of a glaze at the 
surface. 
Low B.I. deposit was found to form a glassy layer on the surface of the TBC (Figure 86). 
This is a “classic CMAS” attack characteristic, as widely reported in the open literature [110]. 
Analysis of this region (shown on Figure 86) revealed a viscous layer, possibly calcium 
aluminosilicate (CAS) glass. The attack as shown in Figure 87 and Figure 88 is less in the 
bulk of the coating but shows severe degradation of the columnar tips, near the surface and 
also along the column boundaries. Low B.I. CMAS (C24M10A7S59 mol%) infiltration of 
PYSZ TBC showed a similar degradation mechanism to “standard” CMAS and 
Eyjafjallajokull volcanic ash, although with varying degree of severity (Figure 87). This was 
expected since all three compositions belong in the same B.I. category. 
 
 
 
Spectrum O Mg Al Si Ca Y Zr 
Spectrum 1 63.76 3.12 5.88 19.13 6.09 1.06 0.96 
Spectrum 2 63.62 2.96 6.75 18.91 5.97 0.80 0.99 
Calcium aluminosilicate (CAS) glass 
All results in atomic% 
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Figure 87: (a) C24M10A7S59 mole% (B. I. ~0.7), (b) Eyjafjallajökull volcanic ash (B.I. ~0.5) and (c) Standard 
CMAS, C35M10A7S48 mole% (B.I. = 1.08) 
Figure 88 illustrates micrograph images of an EB-PVD sample sprayed with Low B.I. slag 
and aged for four hours. The thermochemical attack mechanism for this mode of attack has 
been extensively studied and the results observed herein were similar to that published in the 
literature [11; 13; 68; 69; 150] which can be thought of as “classic CMAS attack” i.e. that 
reported by previous authors. The mechanism is that of dissolution of the YSZ coating and 
re-precipitation of zirconia, resulting in Y2O3 depleted zones and a disruptive phase 
transformation from t'-zirconia to monoclinic zirconia. As can be seen, the attack mechanism 
comprises of leaching of Y2O3 and forming dark globules of a CMAS related phase.  
(c) 
(a) (b) 
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Figure 88: EB-PVD TBC infiltrated with C24M10A7S59 mole% aged for 4 hours at 1285 °C (B. I. = 0.69). 
The yttria depleted zone is depicted on the image in Figure 88 (interaction zone) which was 
confirmed by EDAX analysis (results in Figure 89). Yttria depletion is indicative of the 
detrimental phase transformation from t'-zirconia to monoclinic zirconia. The evidence of 
evolution to monoclinic is shown further in Figure 89 where leaching of yttria near the 
surface of the coating (spectrums 1-4) can be observed.  
(a) 
(b) 
 
 
 
 
Interaction Zone 
– depleted in 
Yttria 
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Spectrum O Mg Al Si Ca Y Zr 
Spectrum 1 69.5 0.8 1.7 4.6 1.8 0.0 21.5 
Spectrum 2 67.5 0.3 0.7 1.2 0.6 0.0 29.7 
Spectrum 3 67.7 0.5 1.0 1.9 0.9 0.0 28.0 
Spectrum 4 70.2 0.6 0.7 1.4 0.6 0.4 26.1 
Spectrum 5 66.0 0.2 0.5 0.0 0.2 1.2 31.9 
Spectrum 6 69.3 1.7 2.5 7.5 2.6 0.7 15.7 
Spectrum 7 65.4 0.0 0.5 1.2 0.7 1.2 31.0 
Spectrum 8 71.2 2.9 3.8 13.9 3.9 0.5 3.9 
Spectrum 9 69.3 1.7 2.5 7.6 2.7 0.0 16.2 
Spectrum 10 67.9 1.1 2.1 5.7 2.1 0.0 21.1 
Spectrum 11 65.6 1.1 1.5 4.3 1.7 0.7 25.2 
Spectrum 12 65.7 0.8 1.4 3.6 1.5 1.0 26.0 
  
 
Figure 89: Low B.I. sample – indicative phase transformation from metastable tetragonal phase (t') to 
monoclinic (m) 
EDAX elemental mapping (Figure 90) showed that all the oxides involved in the deposit 
are present in the core of the TBC. Additionally, it shows that once in a liquid state the 
CMAS infiltrates via the columns first. EDAX mapping results also illustrates that slag 
penetrated the thickness of the coating, particularly down the grain boundaries. It is 
believed that Low B.I. attack can be thought of as classical CMAS attack.  
 
 
All results in atomic% 
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Figure 90: EDAX elemental mapping of C24M10A7S59 mole% (B. I. = 0.69). 
Focused Ion Beam (FIB) was used to study the bottom of the Low B.I. samples, with special 
attention paid to the TBC/Substrate interface which in real life situation would correspond to 
the TBC/TGO interface.  
 
Figure 91: FIB image of a Low B.I. sample after 4h exposure at 1285 °C, showing minimal attack at the bottom 
of the coating. 
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Figure 91 shows minimal degree of attack on the TBC, characterised by classic CMAS attack 
footprint of dark globules although the alumina substrate is seen to have no damage and no 
evidence of CMAS penetration into the substrate. Hence in service operation, Low B.I. attack 
is not expected to form a melt pool at the TBC/bond coat interface and potentially damaging 
the alumina TGO or attack through to the bond coat/substrate. A similar result was also 
noticed with eight hours exposure with Low B.I. CMAS, even though there was noticeable 
increase in the degradation at the bottom of the TBC columns, the alumina substrate 
remained intact (Figure 92).  
 
Figure 92: FIB image of Low B.I. sample after 8h exposure at 1285 °C, showing increased activities of classic 
CMAS attack at the bottom of the coating. 
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6.4 Free-Standing TBC; Eliminating the Effect of the TBC Substrate  
Free-standing TBC was obtained from within the EB-PVD coater at Cranfield University, 
which was the residual TBC layer formed from a number of previous deposition runs. The 
composition of the free-standing TBCs was very similar to the standard EB-PVD samples 
used throughout this study. Figure 93 is a scanning electron micrograph looking at the top of 
a free-standing TBC reference sample, aged at 1480 ºC with no CMAS. The columnar 
microstructure of an electron beam physical vapour deposited process is evident from the 
image in Figure 93, although not a perfect columnar structure. 
 
Figure 93: Top view of a free-standing TBC reference sample aged at 1480 ºC for 4h, without CMAS. 
Free-standing sample sprayed with Low B.I. deposit and heat treated for four hours was 
examined using SEM and EDAX spot analysis, as shown in Figure 94. The cross-sectional 
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image shows characteristic globular particles formation associated with “classic” (Low B.I.) 
CMAS attack, linked to the exchange of materials between CMAS and TBC (yttria leaching 
out from the TBC and into the CMAS melt while CMAS particles formed phases in the TBC 
structure). Even though the initial microstructures were not identical, it was very clear that 
the degradation mechanism was similar to that observed with standard CMAS and Low B.I. 
deposits. This shows that, the lack of a substrate material did not play an important role in the 
overall degradation mechanism. 
 
Figure 94: Free-standing sample sprayed with Low B.I. deposit and aged for 4h at 1480 ºC, showing 
characteristics of classic CMAS attack. 
Low B.I. attack is characterised by a phase transformation from the “as-deposited” tetragonal 
phase to the detrimental monoclinic zirconia, due to the depletion of yttria from the TBC. The 
ZrO2-YO1.5 ratio is an indication of the phase transformation that has occurred as a result of 
slag attack. The ratio is calculated from Equation 18; 
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, in mole% Equation 18 
For an “as-received” TBC, the ratio calculated using Equation 18 is 0.08, whereas after 
ageing with Low B.I. deposit for four hours, the ZrO2-YO1.5 ratio is reduced to 0.01 (Figure 
95), a suggestion that the system has undergone a phase transformation yielding monoclinic 
zirconia as a result of yttria leached out from the TBC and into the CMAS melt.  
 
Spectrum O Mg Al Si Ca Y Zr 
Spectrum 2 66.4 0.2 0.3 0.0 0.1 0.6 32.4 
Spectrum 3 58.1 2.2 3.3 14.4 6.5 2.0 13.6 
Spectrum 4 69.8 0.0 0.4 0.1 0.1 0.5 29.1 
 
Figure 95: Indicative phase transformation in the interaction zone (spectrums 2 & 4) of Low B.I. attack of free-
standing TBC. 
Interaction zone containing 
monoclinic zirconia  
All results in atomic% 
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6.5 Mechanism of Attack 
It is evident from examining the infiltrated microstructures that at operating temperatures 
above the melting temperature of Low B.I. deposits (~1235 °C), melting occurs and by 
capillary action in a cooled (thermal gradient) system, the melt penetrates through the 
columnar microstructure of PYSZ TBC to a point where the TBC temperature is less than the 
melting temperature of the deposit and the melt freezes, introducing strain into the system. 
However in an isothermal system, the melt penetrated to the bottom of the sample, attacking 
the coating in the process. Low B.I. melt was found to readily “wet” PYSZ TBC and 
penetrate the columnar structure, chemically attacking the ceramic whereupon yttria is 
leached from PYSZ and into the melt, creating an yttria depleted interaction zone. The attack 
is minimal in the bulk of the coating but severe near the surface, with complete degradation 
of the column tips. These observations are consistent to that made by other authors 
investigating the effect of CMAS melt on TBCs [11; 13; 68; 69; 150]. 
6.6 Summary 
Low B.I. refers to CMAS compositions with Basicity Index ratio < 1.8. Generally, almost all 
CMAS compositions used by previous authors fall into this low B.I. category and therefore 
the damage mechanism observed were very similar, although varying degrees of the severity 
of attack were observed. The thermochemical attack mechanism for this mode of attack is 
extensively studied and the results observed were similar to that published in the literature [9; 
11; 13; 34; 68] - [13].  
The attack is less in the bulk of the coating but shows severe degradation of the columnar 
tips, near the surface and also along the column boundaries. The mechanism involves silica in 
the melt reacting with the TBC by leaching Y2O3 from the ZrO2 grains, so destabilising the 
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TBC and instigating a phase transformation. This can be thought of as “classical CMAS” 
attack [12].  
Low B.I. deposit showed attack to the bottom of the TBC but did not interfere with the 
interfacial chemistry, since Low B.I. deposit does not form a melt pool at the interface and 
thereby not attacking the alumina substrate, as was revealed by FIB images in Figure 91 and 
Figure 92. However, when the amount of coverage used was saturated, Low B.I. sample 
formed a silica-rich glaze on the surface of the TBC.  
Low B.I. attack of PYSZ was found to be similar irrespective of whether the coating was on a 
substrate or free standing. In both cases, the “classic CMAS” footprint of dark globules of 
CMAS related phase, as a result of exchange mechanism with yttria going the other way.    
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7 Mid-range Basicity Index (Near Neutral deposit): B.I. = 1.8 – 
2.2 
Mid-range B.I. was calculated based on the Basicity Index of a CaO – SiO2 dominated slag 
composition, with B.I. in the range of 1.8-2.2. The composition used in this category was 
C56M9A7S28 in mole% (B.I. = 1.9). Mid-range Basicity Index was not only selected based on 
the neutral composition of a CaO – SiO2 [9; 11; 13; 34; 68], but also based on results from 
experiments to determine the Basicity Index of the transitional composition. A range of 
CMAS compositions with different B.I. were prepared and applied onto EB-PVD samples to 
study their microstructural evolution with Basicity Index.   
It was identified from the literature review that, research with deposits of B.I. = 1.6 [104] 
yielded characteristics of a typical Low B.I. degradation, producing an interaction zone with 
yttria leaching out of the bulk TBC, leading to a monoclinic phase transformation. Equipped 
with this knowledge, model CMAS compositions with B.I. in the range of 1.6 – 2.0 were 
manufactured and used in this phase of the research. A B.I. value of 2.0 corresponds to the 
stoichiometric composition of a CaO-SiO2 dominant slag system with balanced acid and 
basic groups (a neutral composition), meaning the formation of a 2CaO.SiO2 compound [75]. 
Hence the reason 2.0 was selected as the upper limit to determine the transitional composition 
from Low B.I. to Near Neutral B.I. 
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Figure 96: CMAS compositions with B.I. = (a) ~1.6, (b) ~1.76 and (c) ~1.8, all aged for 4h at their respective 
mpt + 50 °C. 
Unlike Low B.I. attack with excess deposit (Figure 86), Near Neutral deposits do not form a 
glassy coating on the surface of the TBC under similar conditions (coverage and 50 °C above 
melting point). Instead, it was observed that Near Neutral deposits melt and quickly penetrate 
through to the base of the TBC, leaving a shallow melt lock between grains boundaries on the 
surface, as can be seen from Figure 97.  
 
 
 
 
 
 
(a) (c) (b) 
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Spectrum O Mg Al Si Ca Y Zr 
Spectrum 1 67.8 1.0 8.2 3.4 5.3 0.6 13.9 
Spectrum 2 68.3 0.9 8.4 3.4 5.4 0.5 13.1 
Spectrum 3 68.0 1.0 9.0 3.6 5.7 0.4 12.4 
Spectrum 4 67.7 1.0 8.9 3.7 5.6 0.6 12.7 
Spectrum 5 67.0 0.8 5.7 2.0 4.2 0.9 19.5 
Spectrum 6 68.8 0.8 5.7 2.0 4.2 0.7 17.8 
Spectrum 7 67.4 1.1 11.0 4.6 6.5 0.8 9.1 
 
 
Figure 97: Surface analysis of Near Neutral B.I. deposited sample after 4h at 1480 °C heat treatment. 
The micrograph images in Figure 98 show the different morphology of attack observed with 
the Near Neutral (Mid-range) B.I. CMAS deposit. Here, the attack is mainly along the TBC 
columns, with almost no dark globular pores of CMAS reacted phases as observed in the Low 
B.I. attack. Mid-range B.I. deposits also showed a change in damage mechanism from 
primary column attack to columns plus sub-boundary attack, through the TBC thickness.  
All results in atomic% 
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Figure 98: Cross-sectional scanning electron micrograph of a PYSZ – 8 wt% yttria EB-PVD TBC sprayed with 
C56M9A7S28 mole%  (B.I. = 1.9), and heat treated for 4h at 1480 °C. 
7.1 30 Minutes Exposure at 1480 °C 
Near Neutral deposits rapidly penetrate to the bottom of the coating, after about an hour after 
becoming molten, where it forms a melt pool at the TBC/substrate interface. Near Neutral 
deposits also accelerate the sintering rate, as shown in Figure 99, which after only 30 minutes 
of ageing, create open inter-columnar gaps which act as reservoir for the melt to travel 
through to the base of the TBC.   
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Figure 99: Mid B.I. analysis (a) Reference sample aged for 4h at 1480 °C without CMAS and (b) 30 minutes 
exposure at 1480 °C showing accelerated sintering of columns. 
After 30 minutes heat treatment, Near Neutral deposit did not cause an obvious deviation in 
TBC composition. Feathering of the TBC microstructure was noticed after 30 minutes, which 
may have resulted in yttria leaching out from the columns and could account for the deviation 
in yttria content seen in Figure 101. Also, elemental EDAX mapping displayed in Figure 100 
showed no evidence of a melt pool formed at the interface under these conditions. The Ca 
map indicated that the Near Neutral melt penetrated the newly created inter-columnar 
boundaries formed as a result of accelerated sintering of the TBC columns. 
   
 
Figure 100: EDAX elemental mapping of Near Neutral deposit after 0.5h at 1480 °C showing no melt pool at 
the interface.  
(a) (b) 
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Spectrum O Mg Al Si Ca Y Zr 
 Spectrum 13 57.3 0.2 0.0 0.7 0.9 3.3 37.6 
Spectrum 14 60.1 0.2 0.0 0.6 0.8 3.1 35.1 
Spectrum 15 58.8 0.2 0.0 0.2 0.5 3.3 37.1 
Spectrum 16 59.0 0.2 0.0 0.3 0.3 3.4 36.7 
Spectrum 17 60.9 0.2 0.0 0.2 0.3 3.3 35.1 
Spectrum 18 58.1 0.2 0.0 0.0 0.0 3.5 38.2 
Spectrum 19 57.9 0.4 0.0 0.8 0.9 3.2 36.7 
Spectrum 20 58.8 0.4 0.0 0.7 1.0 3.5 35.6 
Spectrum 21 60.5 0.5 0.0 0.2 2.2 3.2 33.4 
Spectrum 22 58.6 0.4 0.0 0.2 0.9 3.9 36.0 
Spectrum 23 58.6 0.2 0.0 0.2 0.2 2.8 37.9 
Spectrum 24 57.2 0.2 0.5 0.7 1.1 2.8 37.5 
Spectrum  25 59.0 0.2 0.0 0.3 0.7 2.7 37.0 
Spectrum  26 55.7 0.2 0.5 0.9 1.1 2.8 38.9 
Spectrum  27 61.4 0.2 1.1 0.8 1.1 2.6 32.9 
Spectrum  28 58.1 0.2 0.8 1.0 1.6 2.2 36.1 
Spectrum  29 58.6 0.2 0.8 0.5 1.0 2.2 36.7 
Spectrum  30 67.3 0.2 0.1 0.1 0.3 1.8 30.1 
Spectrum  31 58.6 0.2 1.0 0.8 1.1 2.0 36.3 
Spectrum  32 57.5 0.0 0.3 0.3 0.5 2.2 39.1 
 
 
Figure 101: EDAX analysis of Near Neutral deposit after 0.5h at 1480 °C. 
All results in atomic% 
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7.2 One Hour Exposure at 1480 °C 
An hour of heat treatment at 1480 °C showed clear evidence that the molten deposits have 
penetrated to the base of the TBC, formed a melt pool at the TBC/substrate interface (Figure 
102). First layer transformation of the bulk TBC was also noticed at this stage, where the 
PYSZ TBC have dissociated and recrystallized, forming new spheroidal polycrystalline 
structures. 
 
 
Figure 102: Mid B.I. micrograph – one hour at 1480 °C 
Unlike the low B.I. attack mechanism, where CMAS/TBC interaction produced an yttria 
depleted zone, resulting in large amount of monoclinic phase being present in the bulk TBC. 
The Near Neutral attack mechanism on the other hand was observed to have less interaction 
with the bulk PYSZ TBC, with no sporadic leaching of yttria into the melt and diffusion of 
CMAS products into the bulk TBC. Hence, Near Neutral attack does not form CMAS-reacted 
globules in the coating as a result of material transfer between the TBC and the melt, 
therefore does not instigate the detrimental tetragonal to monoclinic phase transformation. 
 
First-layer transformation 
Melt pool 
Sapphire substrate 
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Instead, due to the viscosity of the melt, the molten deposits travelled along the grain 
boundaries and formed a melt pool at the bottom of the TBC. Here, due to the local chemistry 
of the melt (hence the local B.I. of the deposit), it reacts with the TBC and recrystallized into 
a new polycrystalline grains of tetragonal zirconia and calcium zirconate. Hence, the Near 
Neutral degradation mechanism initiate at the base of the TBC. Evidence of calcium 
zirconate transformation is shown in the compositional analysis in Figure 103. 
 
Spectrum O Mg Al Si Ca Y Zr 
 Spectrum 1 56.4 3.6 7.1 14.1 17.3 0.4 1.1 
Spectrum 2 64.5 0.0 0.0 0.0 0.1 2.8 32.6 
Spectrum 3 63.5 0.2 0.0 0.0 0.2 2.9 33.2 
Spectrum 4 64.4 1.1 1.5 2.3 4.4 2.0 24.4 
Spectrum 7 61.7 2.6 5.2 8.7 12.1 0.8 8.8 
Spectrum 8 63.9 0.5 0.3 0.0 4.6 2.3 28.4 
Spectrum 9 63.6 0.5 0.2 0.0 4.6 2.4 28.8 
Spectrum 10 63.8 0.5 0.1 0.0 4.5 2.3 28.7 
Spectrum  13 64.8 0.3 0.6 0.4 2.0 2.0 29.6 
Spectrum  15 64.3 0.3 0.5 0.0 3.4 2.0 29.5 
Spectrum  16 64.1 0.5 0.9 0.7 5.0 1.8 27.1 
Spectrum  17 61.7 2.6 6.0 7.7 12.9 0.5 8.5 
Spectrum  18 59.0 7.5 20.4 4.1 8.7 0.1 0.2 
 
Figure 103: EDAX analysis of Near Neutral deposit after one hour at 1480 °C, with significant amount of Ca 
diffused into the newly formed structures. 
All results in atomic% 
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EDAX elemental mapping analysis shows CaO and SiO2 are enriched at the column 
boundaries (Spectrum 7) and at the base of the TBC (Spectrum 17 and 18), as can be seen in 
Figure 104. 
   
 
Figure 104: EDAX elemental mapping of C56M9A7S28 (B. I. = 1.9) – one hour at 1480 °C, clearly showing the 
melt pool at the TBC/substrate interface. 
Line scan result on Figure 105 revealed TBC/Near Neutral deposits interaction to have fairly 
steady amount of zirconia across the TBC thickness, while the content dropped towards the 
root of the TBC, which is where the grain transformation is initiated. However EDAX 
analysis later found the zirconia content to be averaging ~30at.% in the bulk TBC. Yttria was 
also found to follow similar pattern across the entire TBC. Again, there was a slight decrease 
in the amount of yttria in areas that have undergone structural transformation and this was 
consistent throughout the coating. EDAX analysis revealed the amount of yttria averaging the 
bulk structure to be ~2at.%, enough to prevent phase transformation. However, extra CaO 
absorbed in the new grains will also help to stabilise the zirconia.   
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Figure 105: Line scan results of Near Neutral slag composition (a) B. I. ~1.76 and (b) B.I. = 1.9 
 
 
 
 
(a) 
(b) 
  
 
   
Ca Al2(Zr, Si)2O8 Melt pool 
Ca Al2(Zr, Si)2O8 
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7.3 Two Hours Exposure at 1480 °C 
Two hours of heat treatment at melting point + 50 °C (1480 °C) resulted in second layer 
transformation. This time, the new grains are larger than was observed after an hour ageing, 
as it is shown in the micrograph on Figure 106. 
 
Figure 106: Near Neutral B.I. micrograph – two hours at 1480 °C 
 
Near Neutral attack mechanism showed a time dependency, which was found to be a 
diffusion controlled process, similar to the Low B.I. attack mechanism. The transformation 
zone (indication of severity of attack) was found to increase with increase in the exposure 
time (Figure 106). CaO and YO1.5 content were noticed to always add up to ~6 at% (Figure 
107) in the newly formed grains, which helps to stabilise zirconia in the tetragonal phase.  
 First-layer transformation 
 
Second-layer transformation 
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Spectrum O Mg Al Si Ca Y Zr 
 Spectrum 1 59.7 0.4 0.3 0.0 3.1 2.4 34.1 
Spectrum 2 58.7 0.4 0.3 0.0 4.1 2.2 34.4 
Spectrum 3 59.6 0.4 0.3 0.0 3.3 2.2 34.1 
Spectrum 4 59.6 0.4 0.3 0.0 3.5 1.9 34.3 
Spectrum 5 57.6 0.2 0.3 0.0 4.1 2.0 35.7 
Spectrum 6 56.9 0.2 0.5 0.0 4.7 1.9 35.8 
Spectrum 7 58.9 0.5 0.3 0.0 3.4 2.1 34.7 
 
Figure 107: 2h at 1480 °C – Near Neutral B.I. micrograph showing CaO and YO1.5 in the new grains add up 
~5-6 at%. 
Elemental mapping of the Near Neutral sample (Figure 108) after two hours showed the 
CMAS rich content penetrated along the columnar boundaries to the bottom of the coating 
where a melt pool was formed.  
 
All results in atomic% 
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Figure 108: EDAX elemental mapping of Near Neutral B.I. – 2h at 1480 °C, showing penetration along 
boundaries to deposit at the TBC/substrate interface to form a melt pool. 
EDAX analysis of the melt pool is illustrated in Figure 109, showing high Al2O3 content in 
the melt, which is an indication that Al has diffused from the alumina substrate into the melt 
pool, forming a low melting eutectic. 
 
 
 
 
 
 
Figure 109: EDAX of Near Neutral melt pool – two hours at 1480 °C 
Spectrum O Mg Al Si Ca Y Zr 
Line Spectrum(1) 59.2 1.0 16.9 10.7 11.4 0.0 0.8 
Line Spectrum(2) 59.7 1.0 16.5 10.5 11.6 0.0 0.7 
Line Spectrum(3) 58.4 0.9 16.7 10.8 11.9 0.1 1.2 
Line Spectrum(4) 59.6 0.9 16.3 10.7 11.4 0.0 1.1 
Line Spectrum(5) 59.6 0.7 16.4 10.7 11.2 0.0 1.2 
All results in atomic% 
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Again zirconia was found to maintain a high intensity throughout the entire TBC structure but 
for a slight decrease towards the root of the coating. This was further confirmed by EDAX 
spot analysis (Figure 107) and line scan analysis shown on Figure 110. This pattern was 
similar with yttria, although at a much smaller intensity compared to zirconia.  
 
Figure 110: Line scan results of Near Neutral slag composition after two hours at 1480 °C 
7.4 Four Hours Exposure at 1480 °C 
Increasing exposure time resulted in an increase in the size of the transformation zone as was 
observed after four hours of heat treatment at 1480 °C. Figure 111 shows that the sample has 
undergone a third-layer transformation, with almost 75% of the coating transformed into a 
spheroidal structure.   
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 Figure 111: Near Neutral B.I. micrograph – Four hours at 1480 °C, showing about 75% grain fragmentation.  
It was also observed that the amount of CaO and YO1.5 in the newly formed grains, which 
had an average of ~7 at% (Figure 112a) compared to two hours exposure time where the 
value was found to be ~6 at%. As calcia and yttria are capable of stabilising zirconia, Near 
Neutral deposits do not result in monoclinic phase transformation. However, there was very 
little calcia in the TBC structure in regions outside the transformation zone, as can be seen 
from spectrum 20-22 in Figure 112b. 
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Figure 112: EDAX analysis of Near Neutral B.I. micrograph – Four hours at 1480 °C. (a) Transformed grains at 
bottom and (b) non transformed columns at the top, showing no interaction at the top of the coating 
The Near Neutral degradation mechanism showed an interesting characteristic, where MgO, 
SiO2 and Al2O3 were not retained by the newly formed grains. However, CaO, SiO2 and 
Al2O3 are seen entrapped between grain boundaries and eventually migrating to the interface 
to form a melt pool, whereas Ca is the only element absorbed from Near Neutral melts by the 
new grains, thereby influencing the chemistry of the resultant microstructure.  Near Neutral 
attack results in Ca doped PYSZ being formed in the transformation zone. Unlike Low B. I. 
attack of PYSZ TBCs where yttria leached out from the TBC and into the melt, forming yttria 
depletion zone, the yttria content was retained in the TBC in Near Neutral attack. From the 
elemental maps in Figure 113, it is clear that SiO2 and Al2O3 meander around the 
microstructure without actively being involved in the reaction. However, Ca map gives a very 
  
Spectrum O Mg Al Si Ca Y Zr 
Spectrum 25 56.2 0.2 0.3 0.0 3.4 3.1 36.8 
Spectrum 26 58.5 0.4 0.3 0.0 3.6 2.6 34.6 
Spectrum 27 56.9 0.6 0.3 0.0 5.0 2.3 34.9 
Spectrum 28 57.2 0.4 0.3 0.0 5.7 2.4 33.9 
Spectrum 29 57.9 0.5 0.3 0.0 5.0 2.1 34.2 
 
Spectrum O Mg Al Si Ca Y Zr 
Spectrum 20 61.3 0.2 0.3 0.0 0.0 3.2 35.0 
Spectrum 21 60.6 0.2 0.5 0.0 0.2 3.1 35.4 
Spectrum 22 59.4 0.2 0.5 0.0 1.9 2.6 35.4 
Spectrum 23 58.3 0.4 0.5 0.0 3.7 3.0 34.2 
Spectrum 24 58.4 0.5 0.2 0.0 4.7 2.8 33.4 
 
All results in atomic% 
a b 
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bright indication at the lower half of the TBC, suggesting that CaO has been absorbed into 
the newly formed grains.  
    
Figure 113: EDAX elemental mapping – 4h at 1480 °C. 
7.5 Eight Hours Exposure at 1480 °C 
It has been established that time plays an important role in this category of molten deposits 
degradation of TBCs. Therefore a similar pattern of growth of the transformation zone was 
expected after eight hours exposure. The results showed that after 8h heat treatment, the 
transformation was through the entire TBC (Figure 114), with a complete loss of columnar 
identity. Instead, the entire coating comprised of spheroidal grains, with little evidence of the 
“as deposited” columnar microstructure of an EB-PVD TBC. 
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Figure 114: Through thickness transformation of Near Neutral B.I. after 8h at 1480 °C. 
Near Neutral degradation mechanism remains the same irrespective of time. However, the 
severity of damage increases with time, in the form of growth of the transformation zone. An 
eight hours exposure was expected to result in ~6-7 at% content of (CaO + YO1.5) within the 
spheroidal grains, which would avoid the induced stresses caused by monoclinic phase 
transformation, which is the case with Low B.I. degradation. From the EDAX analysis shown 
in Figure 115, the CaO + YO1.5 value was found to match the expected value of ~6-7 at%. As 
was expected with this category of attack, SiO2, MgO and Al2O3 did not interact with the 
bulk zirconia (spectrums 2-9, Figure 115) but were instead locked in solution in the CMAS 
matrix. 
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Spectrum O Mg Al Si Ca Y Zr 
 Spectrum 1 55.2 1.1 18.7 11.0 13.1 0.0 0.9 
Spectrum 2 56.1 0.2 0.2 0.0 3.5 2.9 37.1 
Spectrum 3 56.9 0.4 0.3 0.0 6.2 2.3 34.0 
Spectrum 4 58.2 0.4 0.5 0.0 6.1 2.3 32.5 
Spectrum 5 56.9 0.4 0.3 0.0 5.1 2.9 34.5 
Spectrum 6 58.2 0.4 0.3 0.0 3.7 2.8 34.5 
Spectrum 7 58.3 0.4 0.3 0.0 3.4 2.6 35.0 
Spectrum 8  58.6 0.4 0.3 0.0 4.2 2.6 33.9 
Spectrum 9 58.7 0.4 0.3 0.0 3.4 2.4 34.8 
Spectrum 10 55.9 1.2 18.4 10.7 12.5 0.1 1.2 
 
Figure 115: EDAX analysis of Near Neutral sample exposed for 8h at 1480 °C. 
As can be seen from Ca, Si and Al elemental maps in Figure 116, the alumina substrate was 
attacked by the Near Neutral deposit melt pool and aluminium was diffused from the 
substrate and into the melt, by so doing forming a low melting point phase. As mentioned 
earlier, SiO2 and Al2O3 are not involved in the chemistry of the resultant structures. However, 
they formed rich phases at the newly created grain boundaries and are also present in the melt 
pool at the bottom of the coating.  
All results in atomic% 
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Figure 116: EDAX elemental mapping – 8h at 1480 °C, showing areas depleted of Al in the Al2O3 substrate. 
EDAX line scan (Figure 117) was used to determine the through composition of the coating. 
It was observed that, zirconia maintained a constant composition through the entire coating, 
averaging at about 35 at%. Yttria also maintained a constant composition through the coating 
thickness, again an indication that zirconia is stabilised in the tetragonal phase.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 117: Line scan results of Near Neutral slag composition after 8h at 1480 °C 
 
Al depleted  
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Near Neutral deposit was found to be less viscous and more aggressive than Low B.I. CMAS 
composition. Near Neutral melt formed a melt pool at the TBC interface and was therefore 
relevant to further investigate whether molten melt has penetrated to the substrate. FIB 
images provide unique structural information in understanding the mechanism of attack. 
Near Neutral samples showed a new feature at the bottom of the sample from attack by the 
molten deposit. Similar to Low B.I. attack, there was no evidence of the melt penetrating and 
damaging the alumina substrate. Instead, the coating was found to have completely de-
bonded from the substrate, with magnesium spinel sitting on the surface of the substrate 
(spectrums 1-3, Figure 118). The presence of the spinel phase indicates that melt pool was 
formed at the TBC/substrate interface. This implies that, PYSZ interaction with Near Neutral 
melt not only caused chemical attack to the coating but also thermo-mechanical (adhesion) 
problem, between the TBC and bond coat/TGO in a real life situation, resulting not only in 
ceramic failure but also spallation of the entire coating system. 
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Figure 118: FIB image of PYSZ interaction with molten Near Neutral deposit, resulting to de-bonding of the 
ceramic (enclosed: elemental analysis in at% revealing the magnesia alumina spinel layer at the interface). 
7.6 Free-Standing TBC Eliminating the Effect of Excess Aluminium 
Leached out from the Substrate 
PYSZ TBCs degradation by Near Neutral molten deposit showed intense activities at the 
bottom of the TBC, as shown in the FIB image in Figure 118. Hence it was deemed necessary 
to isolate the effect of variations in B.I. of the deposit used and microstructural evolution 
TBC de-bonded 
from substrate. 
Magnesia 
spinel layer 
Spectrum O Mg Al Si Ca Y Zr 
Spectrum 1 40.64 14.86 43.75 0.54 0.21 0.00 0.00 
Spectrum 2 39.74 14.31 45.27 0.35 0.34 0.00 0.00 
Spectrum 3 40.50 14.32 45.03 0.00 0.15 0.00 0.00 
1 2 3 
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solely due to the composition of CMAS and not because of destabilisation of the alumina 
substrate, subsequently releasing aluminium into melt. 
Near Neutral degradation mechanism of free-standing TBC samples showed similar patterns 
to that observed in the Near Neutral category above. The morphology of attack was 
characterised by microstructural transformation from columnar to fragmented grains, as a 
result of dissolution of the TBC and recrystallization into new rounded grains (Figure 119), 
rich in calcia content. Due to their low viscosity, Near Neutral melts quickly penetrated 
through the coating and, depending on the coating thickness, formed a melt pool at the 
bottom of the coating. However, there was no evidence of a melt pool with the free-standing 
samples which was attributed to the thickness of the structure (about 3 mm).  
 
Figure 119: Free-standing TBC samples sprayed with Near Neutral deposit for 4h at 1480 °C, showing 
completely different mechanism of attack to the Low B.I. sample in Figure 94 . 
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The Near Neutral sample maintained a high yttria content averaging above 3 at% throughout 
the entire coating, with significant amount of calcium absorbed into the newly formed grains 
(~4 at%), as can be seen in Figure 120. The (CaO + YO1.5) value for Near Neutral free-
standing sample adds up to about 6 at%, which is enough to stabilise the t-zirconia hence 
preventing the formation of monoclinic zirconia. 
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Spectrum O Mg Al Si Ca Y Zr 
Spectrum 35 58.2 0.2 0.0 0.0 4.4 2.0 35.2 
Spectrum 36 43.2 0.4 2.6 0.0 5.3 2.4 46.1 
Spectrum 37 64.8 0.3 0.0 0.0 3.5 1.9 29.4 
Spectrum 38 70.7 0.1 3.1 0.5 2.4 1.2 22.0 
Spectrum 39 45.5 0.0 0.2 0.0 4.0 3.6 46.7 
Spectrum 40 57.4 0.7 3.0 1.7 2.7 2.4 32.0 
Spectrum 41 59.1 0.4 0.2 0.0 3.0 2.6 34.8 
Spectrum 42 58.8 0.0 0.0 0.0 3.6 2.8 34.8 
Spectrum 43 59.6 0.7 0.0 0.0 3.5 2.7 33.5 
Spectrum 44 60.5 0.2 0.0 0.0 2.7 2.7 34.0 
Spectrum 45 59.2 0.4 0.2 0.0 3.4 2.7 34.2 
Spectrum 46 60.4 0.2 0.2 0.0 2.3 2.6 34.3 
 
Figure 120: Analysis of Near Neutral attack of free-standing TBC – 4h at 1480 °C, showing no evidence of 
preventing monoclinic phase transformation. 
All results in atomic% 
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7.7 Mid-range (Near Neutral) B. I. Mechanism of Attack 
Near Neutral deposits interaction with 7YSZ TBCs showed a completely different 
mechanism of attack compared to that observed with Low B.I. degradation. Near Neutral 
attack was found to transform the coatings microstructure, with the resulting microstructure 
being rounded grains high in CaO content thereby avoiding the detrimental monoclinic phase 
transformation (Figure 114). The attack mechanism is characterised by accelerated sintering 
as a result of high CaO content (with the excess CaO acting as a “sintering aid” binding the 
columns together), as was observed after 30 minutes of heat treatment with Near Neutral 
deposits (Figure 99). Viscosity was found to be an important parameter as it will influence 
the degradation mechanism, which has been shown to reduce with increasing B.I. value 
(Figure 31), thereby influencing the penetrating rate of the melt, the ability to form a melt 
pool at the interface and the rate at which it does so. 
In order to understand the phenomenon of this mode of attack, the reaction products formed 
on the top, bottom and inter-grain boundaries were studied and so too were the newly formed 
grains. It was evident from the onset that Near Neutral B.I. samples do not form the glassy 
layer on the surface (irrespective of the amount of coverage) as was the case with Low B.I. 
samples under similar conditions. A melt pool was noticed to have formed after one hour 
exposure with Near Neutral deposit at the coating/substrate interface (Figure 102). The 
composition of the reaction products were mapped across the entire coating and were 
compared to the composition of the initial deposit (Figure 121).  
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Spectrum Ca Mg Al Si 
Spectrum 16 40.7 13.8 16.1 29.4 
Spectrum 17 37.2 13.2 16.5 33.1 
 
 
 
 
Spectrum Ca Mg Al Si 
Spectrum 2 68.6 12.3 11.2 7.9 
Spectrum 3 58.3 15.9 11.3 14.5 
Figure 121: Analysis of (a) Near Neutral and (b) High B.I. deposits. 
Near Neutral samples showed major compositional variation between the top of the coating 
and the melt pool at the bottom. The Al2O3 content increased significantly in the melt pool, 
due to the destabilisation of the alumina substrate resulting in Al diffusing from the surface of 
the substrate into the melt. Also, the amount of MgO in the melt pool was noticeably more 
than in the melt matrix, with the MgO at the interface combining with Al2O3 to form 
magnesia spinel (Figure 118). However, the CaO content in the melt, in the transformation 
region, is significantly lower than at the surface of the sample, since Ca is continuously 
absorbed from the melt by the new grains, resulting in a high CaO content in the grains in the 
transformation region whereas the CaO content in the melt depreciates, as illustrated in 
Figure 122. 
(a) (b) All results in atomic% 
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Spectrum O Mg Al Si Ca Y Zr 
Spectrum 20 38.6 3.7 8.0 16.3 27.5 1.1 4.8 
Spectrum 25 41.1 4.6 19.0 9.0 24.9 0.6 0.8 
 
Figure 122: Analysis of the melt on top (Spectrum 20) and bottom (Spectrum 25) of Near Neutral sample after 
one hour at 1480 °C. 
An Al diffusion gradient is established between the surface and the Al2O3-rich bottom of the 
sample, due to excess Al2O3 leached into the melt pool from the substrate. As the exchange 
mechanism is diffusion driven, the amount of Al2O3 upward in the structure increases with 
time meanwhile the CaO content on the surface of the coating and in the melt matrix 
stabilises with time, as an all through grain transformation is achieved. It has been shown that 
Ca from the melt will diffuse into the new grains in the transformation zone therefore if the 
entire coating has been transformed, then the CaO content in the melt matrix is expected to be 
fairly steady throughout the structure. This is similar to the study by Stott et al. [104]. The 
All results in atomic% 
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sample in Figure 123 has been treated for two hours and the Al content in the top melt was 
found to be more than double that of one hour exposure. On the other hand, the amount of 
CaO has decreased (Spectrum 20 on Figure 122 and Spectrums 21-23 on Figure 123) as more 
Ca is diffusing into the cells in the ever increasing transformation zones.  
 
Spectrum O Mg Al Si Ca Y Zr 
Spectrum 21 37.3 1.8 22.6 16.9 20.2 0.2 1.1 
Spectrum 22 36.2 1.6 23.0 17.7 20.7 0.0 0.8 
Spectrum 23 39.6 1.5 21.3 16.3 19.5 0.2 1.5 
Spectrum 24 38.8 1.3 19.3 14.6 17.6 1.2 7.3 
Spectrum 25 36.8 1.3 18.6 15.2 18.2 1.7 8.3  
 
Figure 123: Near Neutral sample after two hours exposure, showing significantly more Al in the melt compared 
to Figure 122. 
All results in atomic% 
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As mentioned above, Al content in the entire structure increases with time, as Al diffuses 
from the Al2O3-rich melt pool into the melt matrix while the Ca content was found to be 
similar in all regions except in the transformation zone where Ca concentration in the 
surrounding melts matrix drops sharply as more CaO is absorbed by the recrystallized grains.  
 
Spectrum O Mg Al Si Ca Y Zr 
Spectrum 13 38.1 1.6 24.7 15.1 19.5 0.2 0.9 
Spectrum 14 37.5 1.6 25.2 15.4 19.8 0.1 0.4 
Spectrum 15 38.1 1.4 25.0 15.2 19.6 0.0 0.7 
Spectrum 16 39.6 1.6 22.5 14.4 18.9 0.3 2.7 
 
Figure 124: Near Neutral sample – four hours at 1480 °C showing Ca content stabilising as transformation zone 
grows. The noticeable Al enrichment is due to excess Al migrating from the melt pool. 
The melt analysis in Figure 124 suggests that the Ca content in the melt intercolumnar 
boundaries stays similar before transformation which leads to Ca being absorbed by the new 
structure. It is clear from their respective initial compositions (Figure 121) that the Al content 
All results in atomic% 
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has increased substantially, especially with increasing exposure time. However, it cannot be 
concluded that the increased Al2O3 content, due to the destabilisation of the substrate, plays a 
role in the observed degradation morphology, since similar results were obtained with free-
standing samples. 
 
 
Spectrum O Mg Al Si Ca Y Zr 
Spectrum 17 34.7 1.4 25.4 15.7 21.4 0.2 1.3 
Spectrum 18 39.1 1.4 24.0 14.8 19.4 0.2 1.1 
Spectrum 19 38.0 1.5 24.3 15.3 20.0 0.3 0.6 
Spectrum 20 35.9 1.5 25.6 15.7 20.6 0.1 0.7 
Spectrum 21 36.9 1.3 23.9 15.7 20.6 0.1 1.4 
Spectrum 22 40.9 1.5 43.3 3.4 10.5 0.0 0.4 
Spectrum 23 38.7 1.5 24.2 15.0 19.9 0.1 0.6 
Spectrum 24 40.4 1.2 45.9 3.8 8.5 0.0 0.2 
 
Figure 125: Distinct composition of Near Neutral sample after four hours at1480 °C. 
All results in atomic% 
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The following conclusions can be drawn based on Figure 125;  
 The composition in the upper part and middle of the TBC (Spectrums 17-21 and 23) are 
very similar. 
 Substantial reduction in CaO content (Spectrums 22&24) was noticed in the surrounding 
melt matrix in the transformation zone. 
 Al content at the upper part and middle of the TBC are vastly more than the initial 
composition of the deposit, indicating excess Al2O3 has diffused from the substrate. In the 
melt pool (Spectrums 22&24), Al2O3 content was more than 5x that of the initial 
composition.  
It is fair to say that the composition of the reaction products in the melt matrix stays fairly 
constant right up to the transformation zone, where the amount of Ca in the melt falls 
considerably. Also, Al increases which can be accounted for by destabilisation of the alumina 
substrate freeing Al into melt pool. The addition of excess Al in the melt pool reduces the 
melting point of the melt, hence creating a thermal gradient between the upper melt matrix 
and the melt pool. This explains the reason Near Neutral degradation of PYSZ deposited on a 
substrate showed attack initiation from the bottom of the coating, as can be seen in Figure 
122. However, for free standing samples without the ability to form a melt pool as there was 
no substrate, attack were found to be uniform, with complete transformation in the middle of 
the sample. 
As the transformation zone increases, the composition stabilises through the TBC reaction 
product. When transformation is complete, the composition becomes constant throughout the 
TBC. For the samples used in this study with a thickness of ~200 µm, Near Neutral samples 
showed all through transformation at the eight hours exposure time, as illustrated in Figure 
126. Analysis of this sample revealed the reaction product between grain boundaries to be 
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constant or very similar (Spectrums 26, 27, 29-31, Figure 126), with Al content higher than 
usual, for the reason mentioned previously. 
 
Spectrum O Mg Al Si Ca Y Zr 
Spectrum 26 37.5 1.3 21.5 13.2 22.3 0.2 4.1 
Spectrum 27 40.0 1.3 20.8 13.1 21.2 0.3 3.4 
Spectrum 29 39.3 1.2 21.0 13.4 21.6 0.3 3.2 
Spectrum 30 39.1 1.4 21.6 13.9 22.2 0.0 1.7 
Spectrum 31 38.6 1.2 22.2 12.9 23.2 0.0 2.0 
 
Figure 126: All through transformation showing constant CaO value across the TBC after 8h heat treatment. 
 
 
All results in atomic% 
 
 
Top half 
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Bottom 
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7.8 Summary – Mid-range Basicity Index (Near Neutral Deposits): B.I. = 
1.8 – 2.2 
Mid-range B.I. was calculated based on the Basicity Index of a CaO – SiO2 dominated slag 
composition, with B.I. in the range of 1.8-2.2. The composition used in this category was 
C56M9A7S28 in mole% (B.I. = 1.9). 
Near Neutral deposit was found to form a melt pool at the TBC/substrate interface. This 
caused boundary diffusion of Al from the surface of the substrate into the melt. There was no 
evidence that Near Neutral melts penetrated into the substrate. The FIB image in Figure 118 
provides detailed features of the bottom of the sample, suggesting that the alumina substrate 
is not severely attacked by the melt. Uniquely, the sample showed complete de-bonding from 
the substrate, indicating a dual failure mode of coating degradation and spallation. 
By using free-standing samples, the effect of B.I. variation was isolated mainly to 
CMAS/TBC interaction, with respect to time and temperature and the potential influence of 
the substrate was negated. Because the results of the free-standing experiments were similar 
to the PYSZ samples with alumina substrate, it can then be concluded that the excess alumina 
in the melt pool and melt matrix have little or no effect on the dissolution and 
recrystallization mechanism of the coating. However, it alters the local chemistry of the melt, 
creating a low temperature melting phase at the bottom of the sample. The low temperature 
melt pool at the bottom creates a thermal gradient in the melt between the top of the sample 
and the bottom, attack is hence initiated at the low temperature, super-saturated bottom of the 
sample. The microstructural evolution of PYSZ degradation by Near Neutral melt can be seen 
in Figure 127. 
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Figure 127: Summary – Near Neutral Deposits 
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8 High Basicity Index (Basic deposit): B.I. = 2.2 or above 
High B.I. deposits are calcareous soils in arid regions of the world such as Middle East, North 
Africa and UAE. High B.I. in this study refers to Basicity Index with ratios greater than 2.2. 
In this test, the CMAS composition used was C73M9A7S11 in mole% (B.I. = 4.68). The glass 
transition temperature (Tg), the crystallisation temperature (Tc) and the melting temperature 
(Tm) of the High B.I. deposit used in this experiment can be seen from the DSC curve in 
Figure 128. The melting temperature of the deposit is ~1430 °C, which is within range of the 
upper operating gas temperatures of a turbine engine, about 1400 to 1600 °C. 
 
Figure 128: DSC curves of High B. I. CMAS with composition C73M9A7S11, in mole%. 
It was heat treated under similar conditions to that used for the previous two deposits (Low 
and Mid-range Basicity Index) which involved ageing at 50 °C above the deposit melting 
point for 30 minutes, 1, 2, 4 and 8 hours. The High Basicity Index composition showed a 
completely different mode of attack, as shown in Figure 129. 
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Figure 129: Zirconia – 8 wt% yttria EB-PVD TBC sprayed with C73M9A7S11 mole % (B. I. ~ 4.7), aged for 4h at 
1458 °C; showing a different mode of attack to both Low and Mid-range Basicity Index slag attack. 
Figure 129 shows complete dissolution of the columnar coating integrity after 4h at 1458 °C. 
Dissolution of the entire coating, plus recrystallization through the coating thickness has 
occurred. The presence of significant amounts of zirconia in the resulting melt pool confirms 
the partial or complete dissolution of bulk TBC into the molten slag deposit, changing the 
local chemistry of the slag, as can be seen in Figure 130. The resulting microstructure 
consists of dense ceramic rounded grains, attributed to the relative wetting characteristics of 
the TBC/CMAS system; aimed at minimising the surface energies of the reacted TBC/CMAS 
system. It can therefore be concluded that, wetting behaviour of zirconia based TBC and 
CMAS system is expected to vary with Basicity Index of the slag/deposit. 
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Figure 130: EDAX image of spectrum1&2, showing solidified melt regions after ageing for 4h at 1458 °C. 
The rounded grains microstructure of high Basicity Index slag attack is also associated with a 
phase transformation, believed in this case to be only between calcium oxide, which is 
absorbed by the bulk coating and reacted to form calcium zirconate. Figure 131 confirms the 
formation of calcium zirconate within the reaction product. 
All results in atomic% 
 
 
 Spectrum O Mg Al Si Ca Zr 
Spectrum 1 69.6 1.3 10.0 4.5 4.9 9.8 
Spectrum 2 68.7 1.4 11.1 5.3 5.2 8.4 
 
Table 26: Local chemistry of molten slag showing a high concentration of dissolved Zr in the melt. 
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Figure 131: XRD analysis of reaction products formed when high B.I. infiltrated sample react, showing the 
detected transformed calcium zirconate phase. 
Also present in the coating were yttria and calcia, which continue to stabilise the zirconia 
tetragonal phase. The remainder of the constituent oxides present in the slag are found along 
the newly formed grain boundaries, as can be seen in Figure 132.  
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Spectrum O Mg Al Si Ca Y Zr 
Spectrum 88 59.0 0.6 0.6 0.0 5.6 3.6 30.6 
Spectrum 89 34.9 0.6 1.4 0.0 9.2 5.8 48.2 
Spectrum 90 68.6 0.5 0.4 0.0 4.2 2.8 23.5 
Spectrum 91 62.3 0.3 0.4 0.0 4.6 3.5 29.0 
Spectrum 92 63.5 0.3 0.6 0.0 4.4 3.3 28.0 
Spectrum 93 62.5 0.5 0.4 0.0 4.6 3.6 28.4 
Spectrum 94 62.3 0.3 0.2 0.0 4.3 3.5 29.0 
Spectrum 95 53.2 0.4 0.7 0.0 6.1 4.3 35.3 
Spectrum 96 62.2 0.4 0.3 0.0 4.3 3.5 28.9 
Spectrum 97 61.5 0.5 0.3 0.0 4.8 3.4 29.4 
 Spectrum 98 62.0 0.5 0.3 0.0 4.8 3.4 29.0 
 Spectrum 99 62.6 0.2 0.5 0.0 4.6 3.3 28.7 
 Spectrum 100 62.0 0.4 0.4 0.0 4.6 3.9 28.9 
 
 
Figure 132: EDAX analysis of high B. I. infiltrated standard YSZ EB-PVD TBC (4h at 1458 °C). 
EDAX elemental mapping (Figure 133) revealed that, high Basicity Index damage 
mechanism forms a CaO+Al2O3 rich phase along the grain boundary, possibly of a low 
melting eutectic composition ((Ca, Mg) Al2O4 and Ca2Al2SiO7). The zirconia TBC is 
dissolved in the process and with the rich calcia and alumina melt chemistry, a residual Ca 
All results in atomic% 
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Al2(Zr, Si)2O8 local phase is formed. This was further evident from line scan results in Figure 
134. 
 
Figure 133: EDAX elemental mapping (4h at 1458 °C ) of C73M10A7S11 (B. I. = 4.68) 
 
 
 
 
 
 
 
 
Figure 134: EDAX line scan results for C73M10A7S11 (B. I. = 4.68). 
It has been demonstrated that, Basicity Index has a direct effect in the viscosity of the 
resulting melt. Low B.I. melt was found to be more viscous than its Near Neutral counterpart, 
which too was expected to be more viscous than High B.I. melt. Low B.I. deposits formed a 
glass at the surface of the sample while Near Neutral deposits had almost its entire melt 
penetrated to the bottom of the TBC, where very shallow melt was seen to be locked between 
grains. However, the topology of High B.I. sample showed that the melt has fully penetrated 
the entire TBC and formed a melt pool at the bottom of the coating. This is an indication that, 
   
Ca Al2(Zr, Si)2O8 
Ca2Al2O4 
(Ca, Mg) Al2O4  
+ 
Ca2Al2SiO7 
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High B.I. melt is less viscous than Low and Near Neutral deposits, and after only 30 minutes, 
the sample was seen to have already formed a melt pool at the interface. Figure 135 shows a 
top analysis of a High B.I. infiltrated YSZ sample, with zero Si content on the surface 
indicating the CMAS melt has fully penetrated the entire structure. As for the amount of CaO 
and Al2O3 observed, this is averaging similar amount that is analysed in the resultant 
microstructure.  
 
Spectrum O Mg Al Si Ca Y Zr 
Spectrum 1 68.24 0.29 1.99 0.00 4.16 0.69 24.62 
Spectrum 2 68.22 0.31 1.51 0.00 4.04 0.94 24.98 
Spectrum 3 66.25 0.39 1.14 0.00 3.91 1.25 27.07 
Spectrum 4 67.18 0.35 1.03 0.00 3.96 1.13 26.35 
 
 
Figure 135: Top analysis of Near Neutral B.I. deposited sample after 4h at 1480 °C heat treatment 
8.1 30 Minutes Exposure at 1458 °C 
Basicity index determines the aggressivity of the deposits interacting with zirconia-yttria 
TBCs, hence affecting the severity of the damage caused. So far, it has shown that coating 
All results in atomic% 
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degradation increases with increasing Basicity Index of the deposits. Therefore, High B.I. 
deposits infiltrated TBCs were expected to show more aggressive attack than its Low and 
Near Neutral counterparts. A High B.I. sample was heat treated for 30 minutes at 1458 °C 
(melting point of deposit + 50 °C fixed ∆T) and the microstructural evolution is shown in 
Figure 136. 
 
Figure 136: High B.I. attack after 30 minutes at 1458 °C, showing bidirectional attack mechanism. 
As expected, High B.I. samples experienced severe microstructural degradation after just 30 
minutes, as observed in Figure 136. Unlike its Near Neutral counterpart, here the attack 
mechanism is bi-directional both from top and bottom of the sample. 30 minutes exposure 
with High B.I. deposits showed comparable degree of degradation to four hours exposure 
with Near Neutral deposit. An interesting feature noticed after only 30 minutes exposure was 
the evolution of calcium zirconate, which can be seen in Figure 137. 
Bidirectional 
attack 
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Figure 137: Polycrystalline structure of YSZ TBC infiltrated with High B.I. melt for 30 minutes at 1458 °C. 
EDAX elemental mapping was used to study the proportion of calcium zirconate formed 
within the overall TBC structure. Figure 138 shows that, a significant portion of the upper 
quarter of the TBC has recrystallized possibly as calcium zirconate. Also, this portion was 
found to constitute a polycrystalline, fine grains mixture of calcium zirconate and tetragonal 
zirconia (Figure 139).  
 
Tetragonal zirconia Calcium Zirconate  
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Figure 138: High B.I. EDAX elemental mapping of infiltrated TBC – 30 minutes at 1458 °C. 
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The elemental mappings on Figure 138 revealed that after only 30 minutes exposure, the top 
of the coating has undergone a 50 µm transformation zone of fine grains, significantly rich in 
calcium zirconate. An EDAX layered image of this reaction zone can be seen in Figure 139. 
 
Figure 139: EDAX layered image analysis, High B.I. melt for 30 minutes at 1458 °C, showing calcium 
zirconate rich zone. 
However, no evidence of calcium zirconate was found at the bottom of the coating, in the 
transformation zone, as shown in Figure 137 and Figure 139. EDAX spot analysis shown on 
Figure 140 identified a significant amount of CaO (as well as Y2O3) in the newly formed 
grains (spectrums 60 and 61 in Figure 140b). This is indicative that the zirconia has not 
undergone a monoclinic phase transformation, since CaO and Y2O3 stabilise zirconia. The 
CaO + YO1.5 value calculated based on the analysis of the structures in the transformation 
zone, was found to be ~7 at% after 30 minutes of ageing.  
Polycrystalline area 
rich in calcium 
zirconate 
t-zirconia 
Accumulation 
of the melt pool 
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Spectrum O Mg Al Si Ca Y Zr 
 Spectrum 20 30.9 0.6 5.9 3.8 24.1 0.8 33.9 
Spectrum 21 25.6 0.1 0.4 0.0 22.4 1.2 50.3 
Spectrum 22 25.3 0.1 0.4 0.0 22.7 1.1 50.3 
Spectrum 23 23.3 0.0 0.2 0.0 0.1 5.6 70.9 
 
 
 
Spectrum O Mg Al Si Ca Y Zr 
 Spectrum 56 50.7 0.1 10.8 4.3 15.8 3.6 34.7 
Spectrum 57 41.1 8.3 21.4 0.4 3.4 1.7 23.8 
Spectrum 58 28.4 6.2 14.8 0.0 2.2 3.1 35.3 
Spectrum 59 39.7 6.3 16.0 0.7 4.3 2.6 30.5 
Spectrum 60 22.5 0.2 0.2 0.0 3.1 5.9 68.1 
Spectrum 61 23.7 0.2 0.4 0.0 2.4 6.5 66.8 
Figure 140: EDAX analysis of High B.I. sample after 30 minutes (a) suggesting calcium zirconate at top 
(spectrums 21 and 22) and zirconia-yttria bulk TBC (spectrum 23), (b) absence of calcium zirconate at bottom, 
with Ca absorbed in recrystallized grains. 
As well as calcium zirconate, another feature identified in this category of degradation 
mechanism was the formation of a new phase at the interface, between the TBC/substrate and 
the melt pool/substrate interface. EDAX mapping of this phase was shown to be magnesium 
and aluminium rich, as can be seen from Figure 141. Further spot analysis revealed the phase 
to be a spinel phase, probably MgAl2O3. Figure 141 shows the elements present within this 
region and Figure 142 confirms the presence of magnesia spinel phase. The trail of this spinel 
phase revealed substantial deprivation of CaO and SiO2 from the melt but rich in magnesium 
and aluminium. 
(a) (b) All results in atomic% 
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Figure 141: Elemental map identifying the spinel phase after 30 minutes of High B.I. deposit within the melt 
pool region. 
 
 
Spectrum O Mg Al Si Ca Y Zr 
Spectrum 62 39.4 5.3 35.5 8.3 7.0 0.0 4.5 
Spectrum 63 42.1 16.3 40.5 0.3 0.6 0.0 0.2 
Spectrum 64 40.6 0.7 44.0 2.0 10.2 0.1 2.5 
 
 
Figure 142: Confirmation of the spinel phase (spectrum 63). 
 
Spinel (MgAl2O3) 
All results in atomic% 
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8.2 One Hour Exposure at 1458 °C 
An hour exposure with High B.I. deposit showed a level of coating degradation comparable 
with eight hours exposure using Near Neutral deposits. Severe damage was noticed through 
the entire TBC structure with the attack being bi-directional. There was total loss of coating 
integrity and the residual structure showed growth of the transformation zone from both 
directions. Figure 143 shows a cross sectional micrograph of a High B.I. sample that has been 
heat treated for one hour at 1458 °C (melting point of High B.I. deposits + 50 °C). 
 
Figure 143: High B.I. sample after one hour heat treatment at 1458 °C, showing all-through structural 
degradation. 
The formation of calcium zirconate at the upper quarter of the coating remains a 
characteristic with this category of attack, and was observed after both 30 minutes and one 
hour exposure. However, there was no evidence of calcium zirconate formed at the bottom 
part of the coating, which was in line with observations made for 30 minutes exposure. Also 
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noticeable was that the newly recrystallized grains were bigger compared to the structure 
after 30 minutes heat treatment. Analysis revealed that, about 65 µm of the upper 
transformation zone contained a mixture of calcium zirconate and tetragonal zirconia, as 
illustrated in the images on Figure 144.  
 
 
Figure 144: Polycrystalline structure of YSZ TBC infiltrated with High B.I. after 1 hour exposure at 1458 °C. 
Tetragonal zirconia Calcium Zirconate  
Polycrystalline grain – 
mix of calcium zirconate 
and Tetragonal zirconia 
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To further quantify the proportion of calcium zirconate grains formed within the overall TBC 
structure, EDAX elemental mapping was used. The maps in Figure 145 shows the resulting 
microstructures formed as a consequence of High B.I. infiltration of the PYSZ TBC.  
Figure 145: EDAX maps showing the presence of calcium zirconate structures after 1h exposure at 1458 °C. 
The following conclusions can be made based on the images in Figure 145;  
 Zr map showed three distinct regions; faint coloured zirconia depleted area, 
corresponding to calcium zirconate phase; very bright zirconia rich cells, indicating 
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tetragonal zirconia phase; and a mixture of bright and faint cells, suggesting a 
polycrystalline grain of partly calcium zirconate and partly zirconia.  
 Ca map showed calcium to have diffused/penetrated the whole sample, especially in the 
grain boundaries where it was found to act as a binder for accelerating the sintering and 
diffusion rate.  
 Yttria was shown to be severely depleted at the top of the coating, especially in calcium 
zirconate grains. However, there was no evidence of excess yttria diffusing into the 
surrounding melt, instead regions within the coating were found to contain significantly 
high yttria content (spectrums 17 and 18, Figure 147), ~9 at%, enough to fully stabilise 
the zirconia.  
 Si map shows that Si does not penetrate into the cells of resulting microstructure of High 
B.I. attack, but is instead locked in the amorphous melt marix.     
Calcium zirconate structures were further evident by performing EDAX layered analysis 
(Figure 146). As expected, the result confirmed the residual structure to be a polycrystalline 
structure, with detectable calcium zirconate at the upper transformation zone and t-zirconia in 
the rest of the coating. Unlike Low B.I. degradation, High B.I. does not result to a zirconia 
phase transformation, because of the cubic recrystallized calcium zirconate and also the fact 
that Ca is absorbed by the residual zirconia structure which together with Y2O3, stabilises the 
zirconia. 
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Figure 146: EDAX layered image analysis, showing calcium zirconate rich zone – 1h at 1458 °C 
EDAX spot analysis was used to confirm the presence and composition of the various grains 
present within the structure. Similar to the result obtained after 30 minutes, calcium zirconate 
was confirmed but with a higher calcium content (spectrums 13-15, Figure 147). Also, it was 
noticed that the CaO and YO1.5 value (~12 at%) was higher under these conditions, compared 
to 30 minutes analysis. EDAX analysis is shown in Figure 147. 
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Spectrum O Mg Al Si Ca Y Zr 
Spectrum 13 36.0 0.4 0.3 0.0 32.8 1.6 28.9 
Spectrum 14 34.4 0.2 0.5 0.0 32.9 2.7 29.2 
Spectrum 15 36.0 0.4 0.3 0.0 31.9 2.7 28.7 
Spectrum 16 50.1 1.4 10.0 6.6 16.8 1.2 14.0 
Spectrum 17 40.3 0.5 0.6 0.0 8.5 8.5 41.6 
Spectrum 18 40.8 0.5 0.6 0.0 8.2 9.0 41.0 
Spectrum 19 41.8 0.9 0.2 0.0 9.7 5.2 42.3 
Spectrum 20 38.5 0.1 21.7 10.3 26.8 0.5 2.1 
 
Figure 147: High B.I. sample after 1h at 1458 °C, showing composition of calcium zirconate and calcium-
absorbed YSZ cells. 
EDAX analysis of the entire sample was also performed, to evaluate microstructural changes. 
The results showed that a substantial amount of Ca had been absorbed into the newly formed 
cells, and also there was absolutely zero Si in the residual cell structures, instead it is trapped 
Reacted Zone I (spheroidal grains) 
Reaction Zone II (Irregular grains) 
Yet to be reacted 
(Elongated grains) 
All results in atomic% 
Chapter 6 – 8: Results and Discussion 
216 
 
in the melt matrix.  As can be seen from the analysis in Figure 145, Figure 147 and Figure 
148, SiO2, MgO and Al2O3 do not influence the composition of the residual structure. 
However, they are locked in phases in the reacted CMAS matrix as well as formed a melt 
pool at the bottom. 
 
 
Spectrum O Mg Al Si Ca Y Zr 
Spectrum 1 61.2 0.3 0.5 0.0 6.8 1.6 29.6 
Spectrum 2 60.7 0.3 0.3 0.0 5.2 2.4 31.0 
Spectrum 3 62.0 0.3 0.8 0.0 4.9 2.3 29.8 
Spectrum 4 54.8 0.4 1.4 0.0 5.7 3.1 34.7 
Spectrum 5 60.6 0.4 0.5 0.0 4.8 2.9 30.9 
Spectrum 6 60.6 0.2 0.5 0.0 4.0 3.0 31.7 
Spectrum 7 59.7 0.3 6.1 2.2 8.6 2.2 20.9 
Spectrum 8 57.6 0.2 0.5 2.6 4.7 3.1 31.4 
 
Figure 148: EDAX analysis of residual structure, 1 hour at 1458 °C 
All results in atomic% 
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8.3 Two Hours Exposure at 1458 °C 
These samples appear to have suffered more severe damage than in previous experiments (30 
minutes and 1 hour) in this category. The damage mechanism was similar to those observed 
in the 30 minutes and one hour experiments, only difference being that the damage severity 
increases with time, hence samples exposed for two hours were shown to have an increased 
transformation zone in both directions. Characteristic calcium zirconate and t-zirconia 
polycrystalline structure was also found. However, a new feature was identified after two 
hours exposure at this category. Because of the aggressive nature of High B.I. melt, it was 
noticed that this sample has undergone second stage recrystallization, seen in Figure 149, 
especially obvious at the bottom of the coating in contact with the melt pool. 
 
 
 
 
 
 
 
 
 
 
Figure 149: Second stage recrystallization after 2h exposure at 1458 °C with High B.I. melt. 
As well as severely degraded the entire TBC, High B.I. deposit showed substantial attack of 
the alumina substrate after two hours of exposure. This was caused by the aggressive nature 
of the High B.I. deposit, destabilizing the substrate while aluminium diffused into solution. 
 
 
Second stage recrystallization 
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The melt then becomes rich in Al forming CaO-SiO2-Al2O3 rich phases along the grain 
boundaries and at the bottom of the TBC. Certain features were also identified between the 
TBC/substrate interface of which the melt pool is sandwiched in between, as demonstrated in 
Figure 150 shows the features identified in this category of attack. 
 
 
 
 
 
 
 
Figure 150: Features identified for two hours heat treatment at 1458 °C with High B.I. deposits. 
Spectrum O Mg Al Si Ca Y Zr 
Spectrum 22 35.8 0.1 16.2 7.7 25.1 1.2 14.0 
Spectrum 23 35.2 0.2 17.5 8.8 28.1 1.2 9.1 
Spectrum 24 41.5 16.2 41.9 0.1 0.3 0.0 0.0 
Spectrum 25 41.4 16.5 41.4 0.2 0.0 0.0 0.0 
Spectrum 26 37.4 0.1 20.4 9.7 30.5 2.0 0.0 
Spectrum 27 39.7 0.3 42.3 0.4 17.4 0.0 0.0 
Spectrum 28 41.6 1.4 39.1 3.2 10.9 0.2 3.7 
Spectrum 29 42.0 0.7 48.1 0.7 7.3 0.0 1.2 
Spectrum 30 42.0 0.6 48.5 0.6 7.3 0.0 0.9 
Spectrum 31 36.1 0.5 22.7 8.1 25.6 1.0 6.1 
KEY 
     YSZ leached in melt pool 
      Spinel (MgAl2O3) 
       Ca, Si YAG 
        Calcium aluminate layer 
         Substrate infiltrated by CMAS. 
Alumina purity increases downward 
All results in atomic% 
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These features were further confirmed by performing an EDAX elemental mapping on the 
sample. The results are shown in Figure 151 where it can be seen from the Zr map that TBC 
has dissolved and migrated into the melt pool, resulting in CMAS + TBC patches. Also 
noticed were assorted spinel phases as shown on the Mg map. A band can be seen from Si 
and Zr maps, showing deficiency of both elements within the band. However, from Ca and Al 
maps, it can be concluded that this band is a calcium-aluminium rich layer. EDAX spot 
analysis further confirmed this to possibly be a calcium aluminate. 
 
 
 
   
Figure 151: EDAX mapping of High B.I. sample after two hours at 1458 °C, revealing the features formed with 
this category of attack. 
The various features identified can be summarized in the image on Figure 152. The 
identification of these features is based upon the analytical techniques mentioned (EDAX 
mapping, spot analysis and EBSD) previously. 
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Figure 152: Summary of features identified after two hours heat treatment at 1458 °C with High B.I. 
8.4 Four Hours Exposure at 1458 °C 
Similar to two hours exposure, evidence of second stage recrystallization was particularly 
evident for the four hours sample, especially in the upper half of the TBC. There was little 
evidence of second stage recrystallization at the lower half of the TBC, where the new grains 
were much larger than that observed after two hours indicating a transition from second stage 
recrystallization towards grain growth. Also, the entire structure showed thorough all through 
transformation, as can be seen from Figure 153. 
Mg Spinel 
Ca Spinel layer 
TBC leached in 
melt pool Alumina substrate 
with evidence that 
CMAS has 
penetrated this far, 
however purity 
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Figure 153: Resulting microstructure of 4h exposure at 1458 °C with High B.I. showing thorough all through 
transformation. 
As was observed during two hours of heat treatment, there were also intense activities at the 
base of the TBC which resulted in similar features being identified in the two hour 
experiment. EDAX spot analysis was also used to study the composition of the newly formed 
grains in this category. A characteristic of Near Neutral and High B.I. degradation 
mechanism is the customary role of MgO, Al2O3 and SiO2 from the deposit, playing an inert 
role in the composition of the residual microstructure. As can be seen from the micrograph in 
Figure 154, the CaO + YO1.5 value in this category was ~ 13-14 at%, again preventing a 
monoclinic phase transformation. 
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Spectrum O Mg Al Si Ca Y Zr 
Spectrum 9 35.6 0.5 1.1 0.0 10.2 6.3 46.5 
Spectrum 10 37.7 0.7 0.4 0.0 8.9 4.3 47.9 
Spectrum 11 37.0 0.2 0.4 0.0 8.3 6.3 47.7 
Spectrum 12 38.2 0.7 0.6 0.0 8.2 5.7 46.5 
Spectrum 13 40.2 0.5 0.6 0.0 8.4 5.8 44.5 
Spectrum 14 40.5 0.7 0.6 0.0 7.8 5.7 44.8 
Spectrum 15 39.7 0.5 1.0 0.0 7.7 5.2 45.8 
Spectrum 16 40.5 0.7 0.8 0.0 7.4 5.7 44.9 
 
Figure 154: Composition of residual structure after 4h heat treatment with High B.I. at 1458 °C having highest 
CaO + YO1.5 content. 
8.5 Eight Hours Exposure at 1458 °C 
The attack morphology is very similar to that observed with the four hours exposure sample. 
Second stage recrystallization was minimal at the upper half of the coating, with the structure 
showing mainly a transition to grain growth while the bottom half is comprised of grain 
transformation zone. Anchored in between the upper and lower parts of the coating are large 
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irregularly shaped grains which analysis showed to be rich in calcium content. A new feature 
was identified under these conditions, as shown in Figure 155. 
 
Figure 155: Eight hours exposure with High B.I. showing thorough all through transformation and a solidified 
new phase at 1458 °C. 
As expected with High B.I. attack chemistry, High B.I. interaction showed a very aggressive 
attack at the TBC/substrate interface and followed through to the substrate. The features 
identified at the base of the TBC and the substrate can be seen on Figure 156.   
Chapter 6 – 8: Results and Discussion 
224 
 
 
Figure 156: 8h at 1458 °C High B.I. samples showed similar features as identified with 4h sample. 
It was also noticed that significant amounts of zirconia were entrapped in the melt in certain 
regions of the sample, as shown in Figure 157. Elemental analysis revealed this phase to be 
rich in Ca (16 at%), Zr (27 at%) and Al (9 at%), as well as high Y content (3 at%) in the melt 
compared to starting composition. This is an indication that, due to the aggressive nature of 
High B.I. deposits, the TBC is dissolved in the melt and later recrystallizes where it can either 
form calcium zirconate or Ca doped YSZ, depending on the local melt chemistry. The 
highlighted spectrum 2 in Figure 157 is an EDAX spot analysis of what was previously a 
zirconia grain partly dissolved in the local Ca-rich melt that has recrystallized to a calcium 
zirconate structure. 
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Spectrum O Mg Al Si Ca Y Zr 
Spectrum 1 37.7 0.2 15.9 4.9 24.2 2.3 14.9 
Spectrum 2 42.2 0.2 9.3 1.9 16.2 3.3 27.0 
Spectrum 3 37.1 0.2 15.8 5.0 24.8 2.3 14.8 
  
 
 
 
All results in atomic% 
Chapter 6 – 8: Results and Discussion 
226 
 
   
Figure 157: 8h at 1458 °C – evidence of TBC locked in CMAS between grain boundaries. 
EDAX spot analysis was also performed on the newly formed grains, on both small and large 
grains to determine whether or not there is a compositional effect. As has been seen so far 
herein, MgO, Al2O3 and SiO2 continue to play an inert role in the composition of the resulting 
structure, as confirmed in the analysis on Figure 158. The Ca content in the smaller grains 
was found to be less than that in the larger grains. 
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Spectrum O Mg Al Si Ca Y Zr 
Spectrum 88 59.0 0.5 0.6 0.0 5.6 3.6 30.6 
Spectrum 89 34.9 0.7 1.3 0.0 9.1 5.8 48.1 
Spectrum 90 68.6 0.5 0.4 0.0 4.1 2.8 23.6 
Spectrum 91 62.2 0.3 0.5 0.0 4.6 3.5 29.0 
Spectrum 92 63.4 0.3 0.6 0.0 4.4 3.3 28.0 
Spectrum 93 62.5 0.5 0.5 0.0 4.5 3.6 28.4 
Spectrum 94 62.7 0.3 0.2 0.0 4.4 3.5 28.9 
Spectrum 95 53.2 0.4 0.7 0.0 6.1 4.3 35.3 
Spectrum 96 62.4 0.3 0.3 0.0 4.3 3.5 29.1 
Spectrum 97 61.5 0.5 0.3 0.0 4.8 3.4 29.5 
Spectrum 98 62.0 0.5 0.3 0.0 4.8 3.5 29.0 
Spectrum 99 62.7 0.2 0.5 0.0 4.6 3.3 28.8 
Spectrum 100 62.0 0.3 0.3 0.0 4.6 3.8 28.9 
 
 
 
 
 
(a) 
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Spectrum O Mg Al Si Ca Y Zr 
Spectrum 81 63.3 0.5 0.6 0.0 3.8 3.5 28.3 
Spectrum 82 62.7 0.2 0.5 0.0 4.1 3.6 28.9 
Spectrum 83 63.2 0.3 0.3 0.0 4.0 3.1 29.0 
Spectrum 84 63.5 0.3 0.5 0.0 4.2 3.3 28.3 
Spectrum 85 62.4 0.3 0.8 0.0 4.3 3.2 29.0 
Spectrum 86 63.9 0.5 0.3 0.0 4.4 3.0 27.8 
Spectrum 87 63.6 0.3 0.5 0.0 4.4 3.1 28.1 
 
Figure 158: High B.I. 8h exposure at 1458 °C analysis on (a) large and (b) small grains. 
The melt pool has shown in this category to attack the alumina substrate, due to the 
aggressive nature of High B.I. deposits and leached out excess aluminium into the melt. It 
was paramount to investigate this occurrence in order to understand the possible attack 
mechanism taking place. By increasing the B.I. of the CMAS used to High B.I. regime, 
penetration of the melt into the substrate was noticed, severely destabilising the alumina 
(b) 
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substrate and releasing aluminium into the melt. This indicates that High B.I. could 
potentially cause problems to the TGO and may interact with the bond coat. Therefore an 
understanding of the behaviour of High B.I. CMAS with TBC bond coat maybe necessary, 
although bond coats are not design to operate under such temperature so molten deposits 
interacting with bond coat may induce a new failure mode. 
 
Figure 159: FIB image of High B.I. sample exposed for 1h at 1458 °C, showing penetration of the molten 
CMAS in the alumina substrate 
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Figure 159 shows significant penetration of the melt into the alumina substrate after just one 
hour exposure, in turn destabilising the substrate. It has been shown in this study that the time 
taken for High B.I. deposits to form a melt pool can be as quick as <30 minutes. It can be 
inferred from Figure 159 that, once High B.I. melt penetrates to the bottom of TBC due to 
thermodynamics effect (i.e. viscosity), then almost instantly it starts to attack the alumina 
substrate, creating an aluminium depleted zone in the substrate. Also noticeable is the 
magnesium spinel phases formed at the bottom of the coating, sitting on the surface of the 
substrate. The depth of penetration of the melt was measured at ~50 µm into the substrate, 
which is significantly greater than the TGO thickness (< 10 μm). This implies High B.I. 
attack is likely to result in the destruction of the TGO and potentially causing thermal and/or 
chemical damage to the bond coat. 
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Figure 160: FIB image of High B.I. sample exposed for 4h at 1458 °C, showing higher loss of Al2O3  
The severity of damage to the substrate was found to increase with increasing the exposure 
time (Figure 160), with Al diffusing from the Al2O3 substrate into the melt pool, creating a 
gradient within the substrate which is suggestive of a diffusion mechanism. The result of this 
inter-diffusion is an Al depleted zone formed nearer to the melt pool (labelled in Figure 160). 
The colour contrast identifies different phases formed as a result of High B.I. attack, as 
illustrated on the image in Figure 160. 
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8.6 Free-Standing TBC Eliminating the Effect of Excess Aluminium 
Leached out from the Substrate 
High B.I. degradation of free-standing PYSZ TBC samples showed similar morphology to 
the High B.I. categories observed earlier in this study. The morphology of attack is 
characterised by microstructural transformation from columnar to spherical shaped, 
recrystallized zirconia (Figure 161), rich in calcium content. The microstructural 
transformation of PYSZ attack by High B.I. deposit showed similar features to Near Nuetral 
attack, with High B.I. microstructure showing larger, rounded grains with more CaO content 
compared to Near Neutral sample. This is an indication that, their degradation mechanism 
maybe similar but with different severity, with High B.I. deposits being more aggressive than 
its Near Neutral counterpart. 
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Figure 161: Free-standing TBC samples sprayed High B.I. deposits for 4h, showing rounded grains similar to 
Near Neutral sample. 
EDAX spot analysis of High B.I. free-standing sample showed that the amount of calcium 
absorbed into the recrystallized grains is higher than for the Near Neutral sample. As it has 
become accustomed with Near Neutral and High B.I. attack, MgO, Al2O3 and SiO2 played no 
reactive part in the degradation mechanism and this was further confirmed by the results 
shown in Figure 162, which is that of using free-standing samples. Again, the (CaO + YO1.5) 
content was found to be higher compared with Near Neutral sample, averaging about 10 at%. 
This explains why High B.I. samples have bigger fragmented grains than Near Neutral B.I. 
microstructure, and also the reason there is the lack of monoclinic zirconia in the resultant 
TBC structure, irrespective of a substrate interface.  
Chapter 6 – 8: Results and Discussion 
234 
 
 
Spectrum O Mg Al Si Ca Y Zr 
Spectrum 17 34.1 0.0 7.0 0.4 6.6 4.6 47.3 
Spectrum 18 58.5 0.5 0.2 0.0 5.1 3.2 32.6 
Spectrum 19 59.1 0.5 0.0 0.0 5.2 3.2 31.9 
Spectrum 20 63.1 0.7 0.2 0.0 4.3 2.4 29.4 
Spectrum 21 56.7 0.9 0.0 0.0 3.8 3.0 35.5 
Spectrum 22 69.5 0.6 0.3 0.0 3.5 2.3 23.9 
 
Figure 162: Analysis of High B.I. free-standing TBC after 4h at 1458 °C, showing high (CaO + YO1.5) content. 
Another characteristic of High B.I. attack mechanism is the formation of calcium zirconate, 
which is very much a distinct feature with High B.I. attack as mentioned previously in the 
High B.I. degradation mechanism. Calcium zirconate was also noticed in the free-standing 
High B.I. sample after four hours of heat treatment. Spectrums 9-12 shown on Figure 173 
confirm the presence of the calcium zirconate phase in High B.I. free-standing category.  
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Spectrum O Mg Al Si Ca Y Zr 
Spectrum 9 55.3 0.3 0.3 0.0 21.9 0.4 21.7 
Spectrum 10 53.5 0.2 0.3 0.0 22.7 0.7 22.7 
Spectrum 11 50.6 0.2 0.3 0.0 24.9 0.3 23.7 
Spectrum 12 53.9 0.3 0.0 0.0 23.4 0.0 22.4 
 
Figure 163: Free-standing TBC with High B.I. deposit after 4h at 1458 °C confirming calcium zirconate 
transformation. 
8.7 Mechanism of Attack 
Due to the aggressive nature of High B.I. deposits, substantial amount of Al2O3 was detected 
in the upper interaction zone of the coating after just 30 minutes of heat treatment, suggesting 
that the molten deposit had formed a melt pool after only 30 minutes resulting in severe 
attack of the alumina substrate. The amount of Al2O3 detected here was comparable to that 
found in the melt pool of Near Neutral sample after one hour heat treatment. The amount of 
Calcium Zirconate Tetragonal Zirconate 
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excess Al2O3 is expected to be greater in the melt pool than anywhere else in the coating. 
Figure 164 shows very high Al2O3 content in the reaction product in the upper region of the 
TBC. This composition was consistent throughout the upper interaction zone of the coating, 
within the melt matrix. 
 
 Spectrum O Mg Al Si Ca Y Zr 
Spectrum 37 57.0 0.1 15.9 7.4 16.1 0.5 3.1 
Spectrum 38 53.7 0.2 17.7 8.4 18.9 0.4 0.7 
Spectrum 39 55.5 1.5 22.6 7.1 9.3 0.3 3.8 
 
Figure 164: 30 minutes exposure with High B.I. deposit showing significant Al2O3 content in the upper part of 
the TBC. 
High B.I. attack mechanism was found to be bi-directional as opposed to Near Neutral 
mechanism where the attack was initiated from the bottom, the composition of the reaction 
products within the grain boundaries were almost similar throughout the entire coating. In 
High B.I. samples, transformation zones can be seen from the top and bottom of the sample 
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after just 30 minutes exposure and for this reason, the composition of the phases formed 
within the boundaries are very similar, except for regions that have undergone second stage 
recrystallization, where CaO was found to be less than overall, as can be seen in Figure 165. 
 
Spectrum O Mg Al Si Ca Y Zr 
Spectrum 67 55.8 1.0 15.5 9.5 18.1 0.2 0.0 
Spectrum 68 56.4 1.8 13.2 10.0 17.8 0.1 0.7 
Spectrum 69 58.3 0.3 15.8 6.7 13.7 0.5 5.0 
 
Figure 165: 30 minutes High B.I. sample with composition of reaction products across TBC. 
Similar to the pattern observed with Near Neutral samples, the amount of CaO in the reaction 
phases in the grain boundaries of High B.I. samples decreased with increasing exposure time, 
as can be seen in Figure 166. Depending on the local melt chemistry, the TBC will 
completely dissolve in the aggressive High B.I. melt and recrystallized either as calcium 
zirconate or Ca-doped YSZ. The amount of CaO content in the newly crystallised grains 
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increases with longer exposure time, as the mechanism is known to be a diffusion controlled 
process. 
 
Spectrum O Mg Al Si Ca Y Zr 
Spectrum 16 55.8 0.5 16.7 8.2 17.5 0.3 1.0 
Spectrum 17 56.1 0.8 16.0 8.3 15.0 0.4 3.5 
Spectrum 18 56.7 0.8 14.5 7.4 15.1 0.6 4.9 
Spectrum 19 60.1 3.1 15.8 9.2 8.1 0.3 3.4 
 
Figure 166: Upper part analysis of the reaction product of one hour High B.I. sample 
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Spectrum O Mg Al Si Ca Y Zr 
Spectrum 25 59.6 1.0 19.0 7.4 11.2 0.2 1.6 
Spectrum 26 57.8 1.7 21.7 7.5 8.7 0.3 2.3 
Spectrum 27 60 0.8 17.0 6.3 11.0 0.4 4.4 
 
Figure 167: Bottom analysis of the reaction products of High B.I. sample after one hour heat treatment 
However, Figure 167 showed that the composition of the phases locked between grain 
boundaries is different at the bottom to that at the top of the TBC. While Al2O3 content 
increases as expected, the amount of CaO also varied between the upper and lower 
interaction zone of the TBC, indicating that more Ca from the melt was absorbed by the 
newly formed grains in the lower interaction zone. High B.I. sample is known by [65] to form 
a polycrystalline structure consisting of calcium zirconate and tetragonal zirconia, depending 
on the composition of the local melt, which eventually determines the composition of the 
recrystallized grains, as shown in Figure 168.  
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Spectrum O Mg Al Si Ca Y Zr 
Spectrum 21 39.4 0.9 19.5 10.7 27.4 0.1 1.9 
Spectrum 22 39.3 0.5 20.7 10.3 27.0 0.3 1.9 
Spectrum 23 40.0 0.5 19.9 11.4 26.5 0.4 1.4 
Spectrum 24 38.9 0.3 21.9 10.8 26.9 0.5 0.7 
Spectrum 25 39.8 0.5 19.0 10.1 25.4 0.8 4.5 
 
Figure 168: Formation of calcium zirconate depending on local melt chemistry. 4h at 1458 °C 
One of the phases formed in the melt matrix at the bottom of a High B.I. sample was 
identified as magnesium spinel, as illustrated on spectrums 37-39 in Figure 169. The excess 
Al from the substrate is arrested by magnesia from the deposit and because of their high 
affinity for each other, they react to form a magnesium spinel phase.  
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Spectrum O Mg Al Si Ca Y Zr 
Spectrum 37 47.5 14.7 34.0 0.6 2.3 0.1 0.9 
Spectrum 38 47.3 15.0 35.0 0.3 0.9 0.1 1.1 
Spectrum 39 48.4 15.0 34.6 0.5 0.8 0.1 0.7 
 
Figure 169: Identification of spinel phase 
Spectrums 28-30 on Figure 170 show the melt composition prior to crystallisation into 
calcium zirconate grains. It was noted that substantial amount of zirconia from the dissolved 
TBC was entrapped in the local melt, containing significant amount of CaO. Previously in 
this chapter, it has been reported that MgO, Al2O3 and SiO2 play no major role in the 
composition of the resulting microstructure, which is further confirmed by examining the 
initial composition of the calcium zirconate melt (Figure 170), rich in Al2O3 and SiO2 with 
that of the resulting microstructure. 
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Spectrum O Mg Al Si Ca Y Zr 
Spectrum 28 38.6 0.1 16.0 4.3 23.6 2.5 14.8 
Spectrum 29 40.0 0.2 15.8 4.4 23.4 2.5 14.7 
Spectrum 30 38.4 0.2 16.2 4.4 23.6 2.4 14.8 
 
Figure 170: Melt chemistry prior to the formation of calcium zirconate 
8.8 Summary – High Basicity Index (Basic deposit): B.I. = 2.2 or above 
High B.I. in this study refers to Basicity Index with ratios greater than 2.2. In this test, the 
CMAS composition used was C73M9A7S11 in mole% (B.I. = 4.68). High B.I. melt was shown 
to be less viscous than Near Neutral melt which in turns was less viscous than Low B.I. melt. 
Stott et al. investigated the interactions between TBCs and several Middle East sand 
compositions and their results are published [65]. It can be inferred from the calculation of 
the B.I. of these samples, based on their characterisation that they belong in the High B.I. 
category. While it is acknowledged that Middle Eastern sand compositions fall in the High 
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B.I. category, the attack mechanism found in this study agrees well with that published by 
Stott et al. [65]. 
Due to the aggressiveness of High B.I. melt, the alumina substrate was severely attacked by 
the melt, destabilising and releasing excess Al into the melt pool. Figure 160 reveals the 
features identified at the bottom of the sample, showing that High B.I. melt significantly 
infiltrates the substrate, altering the composition of the substrate and creating an Al depleted 
zone within the substrate. With High B.I. attack, there is certainly a possibility of thermal 
and/or chemical damage to the TGO, potentially extending to the bond coat in engine 
conditions. The most common rate-controlling factors for a reaction between the slag and the 
TBC are the diffusion of the reacting species in the slag and the transfer of the species across 
the slag-TBC interface, so the viscosity and surface tension of the slag are also of 
considerable importance [65]. 
Due to the possibility of High B.I. melt infiltrating and destabilising the substrate material 
thereby leaching Al2O3 into the melt, free-standing coatings were used in order to understand 
the degradation effect of excess Al2O3 in the melt matrix. Whilst this was the case, it does not 
however influence the degradation mechanism and severity of attack. The degradation 
mechanism and morphology of attack in PYSZ with substrate and free standing TBC without 
substrate were similar, both forming a polycrystalline microstructure consisting of calcium 
zirconate and high Ca-stabilised tetragonal zirconia, preventing a monoclinic phase 
transformation. 
Also, the attack mode of High B.I. deposits is bi-directional. High B.I. samples showed 
complete failure in coating integrity after as little as 30 minutes exposure. The degradation 
mechanism by High B.I. melt is characterised by complete dissolution of the TBC into the 
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melt pool and recrystallization, to form a completely new polycrystalline microstructure of 
calcium zirconate and Ca doped PYSZ.  
The degradation mechanism of Near Neutral and High B.I. CMAS attack are very similar, 
with varying degree of severity. High B.I. attack is more severe than Near Neutral melts, due 
to the aggressiveness of High B.I. deposits. The mechanism of attack can be summarised as; 
1. Agressivity of CMAS deposits increases with increasing Basicity Index. A high B.I. 
deposit is experimentally proven to be the most aggressive CMAS category. Viscosity is a 
function of B.I. and showed inverse proportionality relationship, meaning that High B.I. 
deposit is less viscous and Low B.I. compositions more viscous. 
2. The high CaO content in the melt acts as a sintering aid in the melt matrix, accelerating 
the sintering of TBC columns. The accelerated sintering rate combined with the 
columnar, porous microstructure of EB-PVD coatings enable the melt to penetrate to the 
bottom of the coating. High B.I. and Near Neutral compositions form a melt pool at the 
TBC interface. The ability of CMAS to form a melt pool is a direct consequence of the 
B.I. (therefore viscosity) of the melt. The rate of penetration (hence formation of melt 
pool) increases with increasing B.I., with Low B.I. incapable of forming a melt pool. Melt 
pool was formed after 30 minutes and one hour for High and Near Neutral B.I. 
respectively. 
3. Near Neutral and High B.I. attack penetrates to the substrate/coating interface, where 
severe destabilisation of the substrate material was observed thereby releasing excess 
Al2O3 into the melt. High B.I. melt showed severe Al2O3 depletion zone, similar to TGO 
attack in real life situation. De-bonding of the TBC was also noticed as a result of the 
melt pool and spinel layer formed at the base. 
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4. The destabilisation of the substrate and subsequent diffusion of excess Al2O3 into the melt 
results in three scenarios; (1) Excess Al2O3 in the melt reduces the melting temperature of 
the melt pool, thereby creating a thermal gradient between the melt matrix at the top of 
the coating and in the melt pool. (2) An Al2O3 diffusion gradient is created, with Al 
diffusing along this gradient. (3) Excess Al2O3 in the melt pool attracts magnesium from 
the melt and combines to form a magnesium spinel layer that sits on the surface of the 
substrate, leading to de-bonding of the TBC. Due to the presence of low melting, super-
saturated phases formed at the bottom (melt pool), Near Neutral and High B. I. molten 
deposits attack is initiated at the bottom of the coating. 
5. Complete dissolution of the TBC in the melt followed by recrystallization into a 
polycrystalline structure of calcium zirconate or Ca-doped PYSZ, depending on the B.I. 
of the surrounding melt matrix. Since zirconia is partly ionic and partly covalent (hence 
amphoteric), its behaviour in a Near Neutral and High B.I. environment is more covalent, 
abide with the ∆G of CaO, form a more stable compound, calcium zirconate. Also, the 
diffusion of calcium into the grains helps to stabilise the tetragonal phase, hence 
preventing the detrimental monoclinic phase transformation characteristic with Low B.I. 
attack mechanism. 
The covalent character of zirconium is attributed to zirconium having a very small ionic radii 
(86 pm) and being highly charged (+4), thus causing polarisation of the anion. In the case of 
zirconium silicate, the silicate ion is held very tightly by the zirconia ion, as the cation has a 
greater charge and is smaller, therefore the charge density is greater. The charge density 
(charge/ionic radius) influences the establishment of covalent character in ionic compounds. 
The higher the charge density, the easier an anion is polarised and covalent character is 
shown. Zirconium has a high “charge-to-ionic radius” ratio which makes it highly polarising. 
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6. Near Neutral attack initiates from the bottom of the coating. However, due to the 
aggressiveness of High B.I. melt, the attack was found to be bi-directional, both resulted 
in grain fragmentation (round grains). The ceramic TBC is dissolved in the melt and 
depending on the local melt chemistry, recrystallizes either as tetragonal zirconia or 
calcium zirconate. The rounded grain morphology that results can be attributed to wetting 
characteristics and the minimisation of surface energy (interfacial tension) between the 
calcium zirconate and residual molten slag compositions. 
7. MgO, Al2O3 and SiO2 don’t play a role in the degradation morphology of this category of 
attack, as they were found not to penetrate the grains of the newly formed structures. 
However, the excess Al in the melt pool depresses the melting temperature by forming 
low melting eutectics.  
8. There’s the potential of High B.I. attack certainly spreading to the substrate, not only 
resulting in chemical attack/failure but also thermo-mechanical susceptibility and leading 
to spallation of the dense, brittle calcium zirconate TBC and subsequent failure. 
A pictorial summary of the microstructural evolution of High B.I. infiltrated sample is shown 
in Figure 171. 
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Figure 171: Summary - High Basicity Index (Basic deposits); B.I. = 2.2 or above 
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Basicity Index and Viscosity influence the penetrating prowess of molten deposits. Low B.I. 
deposits formed a glaze on the surface of the coating, meanwhile Near Neutral sample 
showed a shallow melt on the surface, with grains visibly sticking out while majority of melt 
is penetrated all through to the bottom. High B.I. melt on the other hand penetrated straight 
through to the bottom of the sample, forming a melt pool. In this case, the “dried up” grains 
of the High B.I. sample can be seen (Figure 172), with no indication of a melt visible on the 
surface.   
   
Figure 172: Viscosity and melt penetration – (a) Low B.I. melt formed a glassy layer, low penetrating power. (b) 
Shallow melt by Near Neutral deposits (c) Dry cells, very quick penetration rate of High B.I. melts. 
The experiments to study the effect of Basicity Index of slag and TBC degradation were 
carried out at 50 °C above the melting point of the individual deposit. For this reason, the 
tests were performed at a range of different temperatures and because CMAS and CMAS-
type attack has been reported by various authors to be temperature dependent, there was a 
possibility that the microstructural evolution observed in the Basicity Index study may be 
linked to temperature effect.  
It may be argued that the difference in attack mechanisms shown previously within this study 
is a function of temperature where the temperatures range from 1298 °C to 1480 °C and 1458 
°C for low, mid and high B.I. CMAS compositions respectively. In order to isolate the effect 
Chapter 6 – 8: Results and Discussion 
249 
 
of temperature, Low, Near Neutral and High B.I. samples were heat treated the same time in 
a box furnace for four hours at a constant temperature, the highest experimental temperature 
in this set of experiments, which happened to be the temperature of the Near Neutral test 
category (1430 °C + 50 °C). Low, Mid-range and High B. I. deposits were found not to be 
proportional to melting temperatures. In other words, increasing Basicity Index is not 
attributed to increasing melting temperature, although Low B. I. deposits had the lowest 
melting temperature, the highest melting point deposits were found to be Near Neutral 
deposits as opposed to High B.I. deposits, indicating that increasing melting temperature is 
not a direct consequence of increasing B.I. The effects of testing with variations of B. I. 
revealed that CMAS degradation is purely down to the chemical reaction between the CMAS 
and TBC and once melting has occur the degradation mechanism is dependent on basicity 
(Figure 173).  
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Figure 173: Comparison of the morphologies of degraded EB-PVD TBCs for different CMAS at composition 
over temperatures from 1248 ºC -1480 ºC 
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9 The Effect of Basicity on Novel TBCs (Gadolinium Zirconate)  
Gadolinium zirconate (Gd2Zr2O7) is widely accepted in literature to mitigate the effect of 
CMAS damage [104] [71] [69; 82] – [7; 160; 161]. Levi et al. investigated the 
thermochemical interaction between GZO and CMAS and reported that the Gd2Zr2O7 + 
CMAS reaction zone consisted of a dense, fine-grained layer, about 6 µm thick. It was also 
reported that the melt infiltration into the inter-columnar grain boundaries was largely 
suppressed, with penetration rarely exceeding ∼30 μm below the original surface. The 
microstructural evidence obtained by Levi et al. [162] suggests that the degradation 
mechanism is influenced by the dissolution of the GZO into the melt followed by the arrest of 
CMAS infiltration by rapid filling of the gaps with solid crystalline phases. The extent of 
CMAS degradation to the column tips and the penetration depth was measured to be in the 
top 20 µm of the coating, forming a stable refractory compound of a fluorite and hexagonal 
apatite phase based on Ca2Gd8(SiO4)6O2. Based on these findings, it is generally accepted 
that Gd2Zr2O7 has a far superior CMAS resistance compared to 7YSZ.  
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Figure 174: Reaction zone between Low CMAS and a columnar Gadolinium zirconate TBC [69]. 
In order to validate the concept that the severity of molten deposit attack varies with the 
Basicity Index of the slag, GZO samples were manufactured at Cranfield University and 
tested against the three categories of deposits (Low, Near Neutral and High B.I.). As can be 
seen in Figure 174, GZO was shown to mitigate standard or Low B.I. CMAS attack. For the 
purpose of comparison, gadolinium zirconate was deposited on a number of 99.99% pure 
alumina coupons by electron beam physical vapour deposition at Cranfield University. But 
because of the poor adhesion of GZO and the alumina interface, direct deposition of the GZO 
onto the alumina coupons proved difficult and for this reason, a layer of YSZ was deposited 
onto the substrate before the GZO could be deposited, as illustrated in Figure 175.  
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Figure 175: Reference – as deposited GZO coating  
As part of these set of tests, a reference sample without CMAS was also heat treated for four 
hours at 1430 °C, the result is presented in Figure 176. Apart from a small amount of 
sintering which is associated with this level of heat treatment, the coating remained in good 
condition. 
YSZ Base  
GZO TBC 
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Figure 176: Reference – Aged at 1430 °C for 4h. No CMAS deposits  
9.1 Low B.I. Deposit 
Samples were sprayed with Low B.I. deposit and heat treated for four and eight hours at 1250 
°C and showed similar attack morphology to that observed by Levi et al. [69], consisting of a 
fairly shallow interaction zone and the reaction products crystallised within about 10 µm, 
sealing the inter-columnar grain boundaries and preventing further likely attack. The 
observed characteristics of the Low B.I. attack agreed well with that made by Levi et al. [69], 
as can be seen in Figure 177. Levi et al. [69] explained that this retardation mechanism was 
due to the consequences of the system forming an apatite phase which crystallises and 
prevents absorption of the molten deposit by the coating. 
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Figure 177: Low B.I. 4h at 1250 °C with GZO coating.  
EDAX spot and elemental analyses were used to study the phases and composition of the 
reaction products formed in the interaction zone. Whilst three regions of interest are evident 
from Figure 177 (light and grey regions and also the dark area at the bottom of the coating 
structure), EDAX elemental mapping (Figure 178) identified the grey regions to be a 
crystallised phase rich in reaction products whilst the light areas were shown to be TBC rich. 
Also, the reacted phase is seen to have sealed the inter-grain boundaries hence minimising 
further penetration through the TBC structure. The characteristic porous dark globules 
associated with standard CMAS attack of YSZ was shown to have been eradicated (or 
minimised). 
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Figure 178: EDAX elemental mapping of Low B.I. sample with GZO – 4h at 1250 °C. 
EDAX spot analysis was then used to determine the chemistry and possible phases formed in 
the interaction zone. The top 3 µm of the coating consisted of a fine-grained layer showing 
complete degradation of the column tips, this was followed by a dense region, ~8 µm thick, 
where the reaction products were arrested and by so doing, restrained any further damage. 
EDAX analysis in Figure 179 showed that the composition of the reacted product matches 
that reported in literature which was identified to be a stable apatite phase containing Ca and 
Zr. 
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Spectrum O Mg Al Si Ca Y Zr Gd 
Spectrum 1 46.8 0.0 0.6 14.8 7.2 0.1 6.3 24.3 
Spectrum 2 44.9 0.0 0.3 11.1 5.5 0.6 17.2 20.5 
Spectrum 3 45.6 0.0 0.3 11.8 5.5 0.5 15.9 20.4 
Spectrum 4 46.8 0.6 1.0 16.0 6.7 0.0 8.2 20.7 
Spectrum 5 47.9 0.5 1.3 15.6 6.2 0.4 9.4 18.7 
Spectrum 6 45.5 0.8 1.7 13.1 5.2 0.9 20.2 12.5 
 
Figure 179: ~8 µm thick crystallised phase, arresting further attack. 
Separate analyses of the two distinct regions formed within the GZO are shown in Figure 
180, confirming the grey region to be reaction product and the white areas to be the core TBC 
with very little interaction with the molten deposits. It can be inferred from Figure 180 that 
GZO alters the degradation mechanism compared to 7YSZ by preventing the formation of 
All results in atomic% 
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porous dark globules and arresting the GZO/CMAS reaction, limiting penetration to a few 
µm into the coating.  
 
Spectrum O Mg Al Si Ca Y Zr Gd 
Spectrum 7 44.6 0.0 0.2 11.1 5.4 0.2 12.8 25.7 
Spectrum 8 43.3 0.0 0.7 11.6 5.5 0.2 11.6 27.1 
(a) 
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Spectrum O Mg Al Si Ca Y Zr Gd 
Spectrum 11 42.6 0.0 0.5 0.0 0.3 0.6 22.2 33.9 
Spectrum 12 45.8 0.0 1.0 0.0 0.3 0.9 19.9 32.2 
 
 
Figure 180: Analysis of (a) Grey crystallised phase arresting further attack, (b) Light GZO TBC   
Another typical characteristic of Low B.I. attack with zirconia based TBC is the formation of 
zirconium silicate. Zirconium is said to be amphoteric and depending on the Basicity of the 
melt, a zirconium-based TBC will either behave as a glass former with a coordination number 
of 6 or as a modifier, with coordination number 8. The formation of zirconium silicate 
(b) 
All results in atomic% 
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indicates that zirconium was behaving in an ionic manner. Confirmation of the zirconium 
silicate phase is shown in Figure 181. 
 
Spectrum O Mg Al Si Ca Y Zr Gd 
Spectrum 14 46.2 0.0 0.1 26.3 0.1 1.2 24.6 1.6 
 
Figure 181: Zirconium silicate, suggesting that zirconium was behaving in an ionic manner. 
The composition of CMAS used in the study by Levi et al. [69] had a Basicity Index of 1.08 
and sits in the Low B.I. end of the scale. It can hence be inferred that, Low B.I. deposits of 
varying compositions are expected to show similar (if not identical) attack mechanism and 
morphology. This is further confirmed by the image in Figure 177 of a molten deposit attack 
with B.I. of 0.7 showing similar degradation morphology to Figure 174 (B.I. = 1.08). 
All results in atomic% 
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However, if the concept of Basicity is to be validated, then a different severity of attack is 
expected with Near Neutral and High B.I. deposits. Gadolinium zirconate as a CMAS 
resistance TBC has never been tested across the board with different compositions of CMAS 
from various part of the world. This section of the project examines GZO interactions with 
Near Neutral and High B.I. deposits. 
9.2 Near Neutral B.I. Deposit 
For GZO to be considered a suitable CMAS resistant TBC, then it should be able to resist 
against molten deposit attacks from different sand contents around the world. Near Neutral 
and High B.I. represent sand/soil contents across the Middle East and North Africa. It has 
been deduced as part of this project that the current state-of –the –art TBC system (7YSZ) is 
susceptible to all categories of molten deposit attacks. However, GZO has shown to be 
resistant to Low B.I. molten deposit attack, but the results with Near Neutral and High B.I. 
showed significant weakness to this attack mode. Figure 182 shows a sample of GZO 
infiltrated with Near Neutral deposit and heat treated at 1430 °C for four and eight hours 
respectively.  
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Figure 182: Near Neutral deposit on PYSZ TBC, heat treated at 1430 °C for (a) 4h and (b) 8h 
GZO resistance to CMAS attack was tested against Near Neutral deposit and from the results 
illustrated in Figure 182 it can be inferred that GZO provide limited resistance to this 
category of attack (Figure 182a) for short exposure time (four hours), showing an increased 
interaction zone of ~30 µm and a more severe attack. However, the eight hours sample 
showed adverse degradation through the entire TBC, with complete loss of coating integrity. 
The coating morphology observed after eight hours exposure indicates that GZO does not 
mitigate CMAS attack against Near Neutral deposits, as was the case with Low B.I. 
interaction. Figure 182b shows complete degradation within the GZO part of the coating, 
b 
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resulting in a binary matrix of round and needle shaped grains. The compositions of the 
resultant structures were studied and the results are presented in Figure 183. 
  
Spectrum O Mg Al Si Ca Y Zr Gd 
Spectrum 16 32.1 0.9 1.0 0.0 31.4 1.6 26.7 6.0 
Spectrum 17 30.9 0.4 8.1 0.0 28.5 1.0 15.4 15.8 
Spectrum 18 32.0 0.6 3.2 0.0 25.2 0.4 19.8 18.7 
Spectrum 19 33.0 1.6 0.9 0.0 23.5 0.5 22.6 17.9 
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Figure 183: 4h and 8h analysis respectively 
Based on the results of the chemical analyses of GZO TBC samples infiltrated with Near 
Neutral deposit, as presented in Figure 183, it was noticed that the reaction product formed 
was different to that observed for the Low B.I. samples (apatite - Ca2Gd8(SiO4)6O2). 
Spectrum O Mg Al Si Ca Y Zr Gd 
Spectrum 16 59.0 0.0 2.5 14.6 5.7 0.0 0.0 18.0 
Spectrum 17 58.9 0.0 1.7 15.4 5.6 0.0 0.4 18.1 
Spectrum 18 60.3 0.0 0.9 13.9 5.3 0.4 0.3 19.0 
Spectrum 19 60.1 0.0 0.5 0.0 0.8 0.4 25.8 11.9 
Spectrum 20 63.0 0.0 0.4 0.0 0.9 0.6 24.1 11.1 
Spectrum 21 60.9 0.0 0.2 0.0 0.9 0.7 25.7 11.6 
All results in atomic% 
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Although Figure 182a shows a similar mitigation mechanism to Low B.I. samples, the phase 
formed however was different, a more corrosive flux with significant amount of CaO and a 
complete lack of Si was found. EDAX elemental analysis (Figure 182b) was used to identify 
the resulting bi-shaped round and needle structures formed due to complete delamination of 
the GZO indicating an incapacity to mitigate Near Neutral attack especially at exposure times 
>4h. The rounded grains were identified as recrystallized GZO while the needle shaped 
structures were found to be a mullite, as opposed to the apatite phase mentioned by Levi et al. 
[69] with respect to Low B.I. category.  
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Spectrum O Mg Al Si Ca Y Zr Gd 
Spectrum 22 56.1 0.0 23.0 2.5 3.8 0.8 1.7 12.2 
Spectrum 23 55.5 0.4 23.0 2.8 4.3 0.4 1.9 11.8 
Spectrum 24 56.1 0.2 23.2 2.3 4.1 0.6 1.9 11.8 
Spectrum 25 57.2 1.3 17.6 11.3 9.4 0.0 0.7 2.5 
Spectrum 26 58.2 1.0 16.6 10.6 8.7 0.1 0.9 4.0 
Spectrum 27 57.4 1.3 16.2 9.6 8.3 0.0 2.4 4.8 
 
 
Figure 184: Composition of melt matrix of Near Neutral deposit after 8h exposure. 
The phase compositions formed in the inter-grain boundaries were studied for the eight hours 
sample, Figure 184. Two distinctive phases were identified, as illustrated in the tabulated 
results section by two different highlighted colours. Spectrums 22-24 correspond to the 
All results in atomic% 
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gadolinium aluminium garnet phase while spectrums 25-27 were identified to fall in the 
apatite phase. These findings can be summarised as shown in Figure 185 below. 
  
Figure 185: Features identified after 8h exposure at 4h at 1430 °C with Near Neutral B.I. 
9.3 High B.I. Deposits 
It has been shown so far that GZO provides resistance to Low B.I. degradation but is 
susceptible to Near Neutral attack mechanism. In order to determine whether GZO will be 
resistant to High B.I. attack, samples were sprayed with High B.I. deposits and heat treated at 
1430 °C for four and eight hours. High B.I. deposit is known to be more aggressive and 
during testing with 7YSZ, a more severe degradation was observed. Figure 186 are SEM 
images of two GZO samples infiltrated with High B.I. deposit and aged for four and eight 
Gadolinium 
Zirconate (Gd2Zr2O7) 
Needle Shaped 
Mullite (Gd2SiO5). 
Gadolinium Aluminate 
(GAP) interphase 
(Ca: (Y + G) Zirconate 
Apatite phase 
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hours respectively. The morphology of Figure 186a is similar to Figure 182b which is a 
GZO/Near Neutral sample aged for eight hours.  From the findings in this project, High B.I. 
was shown to be the most aggressive CMAS composition with 7YSZ TBC after very short 
exposure time, completely disintegrating the entire coating thickness. Although GZO has 
been shown to mitigate Low B.I. (standard CMAS) attack, it showed very high susceptibility 
to High B.I. attack similar to YSZ but with different residual features. 
 
(a) 
Chapter 9: The Effect of Basicity on Novel TBCs (Gadolinium 
Zirconate) 
270 
 
 
Figure 186: High B.I. deposit, heat treated at 1430 °C for (a) 4h and (b) 8h 
Four hours exposure of GZO with High B.I. deposit revealed a similar morphology to that 
seen at eight hours with Near Neutral deposit. Figure 186b showed an unprecedented degree 
of damage, with complete failure of the coating integrity. Once more GZO has failed to 
provide any resistance to this category of attack, instead showing more severe coating 
degradation compared to 7YSZ samples under similar conditions.  
(b) 
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  Spectrum O Mg Al Si Ca Y Zr Gd 
Spectrum 5 38.6 0.0 0.1 0.0 4.1 1.4 28.9 27.1 
Spectrum 6 33.9 0.0 0.9 0.2 4.0 1.6 30.6 28.8 
Spectrum 7 36.3 0.0 0.0 0.0 3.2 3.0 29.8 27.8 
Spectrum 8 43.2 0.4 0.4 0.0 2.9 1.9 30.0 21.1 
Spectrum 9 32.9 2.4 7.9 0.7 20.6 1.4 19.4 14.8 
Spectrum 10 34.7 0.0 6.1 0.3 28.0 1.3 24.5 5.0 
Spectrum 11 42.7 1.3 16.8 1.7 16.2 1.3 13.0 7.0 
Spectrum 12 73.4 0.4 4.6 9.8 10.2 0.0 1.3 0.3 
Spectrum 13 41.0 0.0 0.9 0.0 5.8 2.1 31.5 18.7 
 
Figure 187: Analysis of High B.I. sample exposed for 8h. 
All results in atomic% 
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GZO was found to dissociate in High B.I. melt with gadolinia appearing to indicate a very 
high solubility in High B.I. Significant amounts of gadolinia were noticed to have dissolved 
in the melt, increasing the aggressiveness (Basicity Index) of the melt and exposing the 
residual zirconia to the harsh composition of the local melt.  
It can be concluded from this study that, GZO negates Low B.I. attack by forming a 
crystallised apatite phase which was seen to arrest the reaction and by so doing, preventing 
the reaction product from being absorbed by the coating. However, this was inverted with 
Near Neutral and High B.I. attacks, with GZO providing little or no protection with a 
detrimental outcome. GZO readily dissociates in High B.I. melt, with a significant amount of 
gadolinium retained in the melt. The aggressivity of the melt then increases, as shown herein, 
zirconia is severely vulnerable to attack by basic deposits and a similar trend was observed 
for GZO, with the column morphology completely deteriorated. From the results obtained, it 
can be inferred that more understanding is required in order to develop thermal barrier 
coatings that are resistance to all categories of CMAS attack. There is a tendency that, a TBC 
that resists Low B.I. attack in a certain part of the world will become susceptible if exposed 
to Near Neutral or High B.I. type deposits in other regions of the world, which can result to 
loss of performance and increased thermal conductivity. Also, the resultant structure is very 
brittle and the fracture toughness is severely reduced, resulting in the coating spalling. 
The adopted concept of Basicity Index have been shown in this study to be a tool capable of 
predicting the mechanism and severity of CMAS attack, in terms of microstructural 
degradation. High B.I. CMAS deposit was found to be the most aggressive deposit hence 
resulting to the most severe TBC degradation whereas Low B.I. was the least damaging 
CMAS composition and showed the least microstructural damage. The hypothesis that the 
severity of CMAS damage is dependent on Slag Basicity is thereby supported.
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Results Summary 
 Three Low B.I. deposits with different Basicity were studied in this project. Similarly, 
most CMAS compositions in open literature fall into this B.I. category. In all cases, the 
attack mechanism was very similar, all displaying “classic” CMAS attack characteristics. 
 The aggressiveness of Low, Near Neutral and High B.I. deposits has been shown to 
increase with increasing Basicity Index of the deposits. 
 Near Neutral and High B.I. both showed a different degradation mechanism to Low B.I. 
attack 
 Degradation of zirconia based TBC’s by Near Neutral and High B.I. molten deposits 
showed similar attack mechanism but with different degree of severity.   
 Free-standing TBC with no substrate was used to investigate whether or not the alumina 
substrate had an effect on the degradation mechanism. The results were identical to the 
TBC with substrate samples, suggesting that the substrate did not influence the 
degradation mechanism although Near Neutral and High B.I. deposits both attacked the 
substrate and released excess Al into the melt, which forms a low melting eutectic hence 
lowering the temperature at which degradation attack initiates. 
 GZO was found to alleviate Low B.I. attack. However, this was inverted with Near 
Neutral and High B.I. attacks, with GZO providing little or no protection with a 
detrimental outcome. GZO readily dissociates in High B.I. melt, with a significant 
amount of gadolinium retained in the melt and the aggressiveness of the melt increases. 
 It has also been shown in this study that small amounts of CMAS infiltration significantly 
increases the erosion rate of EB-PVD TBCs due to the deterioration of columnar identity 
as a result of CMAS degradation, which also reduces the strain compliance of the coating. 
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10 Conclusion 
A novel technique of assessing the mechanism and severity of damage is introduced, by 
adopting the concept of Basicity Index (B.I.). Here, Basicity Index has successfully been 
applied to ceramic chemistry in understanding molten deposits degradation of ceramic 
coatings. From the results obtained in this project, it can be concluded that the Basicity Index 
(B.I.) of CMAS is an important parameter that will influence the mechanism of molten 
deposit attack of TBC’s. The Basicity Index of the melt will determine the attack mechanism 
and severity of damage, influencing both the degraded coating morphology and depth of 
penetration. Three categories of Basicity Index of CMAS were proposed and corroborated in 
this project, based on soil composition across the world.  
CMAS as well as volcanic ash compositions that are likely to be ingested by an aircraft 
engine will either be a Low, Near Neutral or High basicity deposit. Hence by understanding 
the behaviour of the individual categories, a degradation map can be developed as an aid to 
predict the likely degradation morphology of zirconia based TBC’s from various parts of the 
world. The following conclusions have been drawn from this study; 
 Three Low B.I. deposits (Eyjafjallajokull volcanic ash, C24M10A7S59 and C35M10A7S48) 
with different Basicity Indexes (0.46, 0.69 and 1.08 respectively) were studied in this 
project. Similarly, most CMAS compositions in open literature fall into this B.I. category. 
In all cases, the attack mechanism was very similar. Low B.I. mechanism comprises of 
silica in the melt reacting with the TBC, leading to complete dissolution of the column 
tips and attack along the TBC columnar boundaries, leaching Y2O3 from the ZrO2 grains. 
The depletion of yttria destabilises the TBC and instigates a zirconia phase transformation 
from metastable tetragonal phase (t') to monoclinic phase (m) (t' → m + F), but in 
different proportions at different depths into the TBC columnar structure. This is true for 
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all Low B.I. deposits, regardless of the CMAS chemistry. This can be thought of as 
“classic” CMAS attack. 
 The aggressiveness of Low, Near Neutral and High B.I. deposits has been shown to 
increase with increasing Basicity Index of the deposits.  Basicity – Viscosity model 
(Figure 31) predicts High B. I. melt to be less viscous than Low B. I., which was found to 
be the case in this study, with Low B.I. deposits forming a viscous glass at the surface of 
the sample (Figure 86) while High B.I. melt quickly formed a melt pool at the bottom of 
the coating. The driving force behind Near Neutral and High B.I. degradation mechanism 
is viscosity. 
 Degradation of zirconia based TBC’s by Near Neutral and High B.I. molten deposits 
showed similar attack mechanism but with different degree of severity because the High 
B.I. deposits are more aggressive than Near Neutral deposits, resulting in more severe 
degradation. Near Neutral and High B.I. deposits both formed a melt pool at the 
TBC/substrate interface (at different rate; High B.I. ≤30 minutes, Near Neutral B.I. ≥2h) 
which destabilises the alumina substrate, releasing excess Al into the melt. Excess Al 
creates low melting eutectic and a “melting point” gradient is established between the 
melts on the surface of the sample and the melt pool. Attack is initiated at the bottom of 
the coating, in the low melting, super-saturated melt pool. However, due to the 
aggressiveness of High B.I. melts, the Al substrate is severely attacked, creating an Al-
depleted zone in the substrate. Free-standing TBC with no substrate material was used to 
investigate the effect of the excess Al on the degradation mechanism. However, the 
results were identical to the TBC with substrate samples, suggesting that excess Al in the 
melt does not influence the degradation mechanism although it lowers the degradation 
temperature at which attack initiates.  
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 Due to the aggressiveness of the melt, High B.I. attack mode was shown to be bi-
directional. High B.I. attack was noted to be ~x2 more severe than Near Neutral attack. 
For example the degradation morphology after 4h exposure with High B.I. deposit was 
comparable to 8h exposure with Near Neutral deposit.  
 The high content of CaO in Near Neutral and High B.I. melts acts as a “sintering aid”, 
which helps to bind the columns together. This mechanism of attack is characterised by 
complete dissolution of the TBC into the melt matrix and recrystallization, to form a 
completely new microstructure of calcium zirconate or Ca-doped PYSZ, depending on 
the composition of the surrounding melt. The rounded grain morphology that results can 
be attributed to the wetting characteristics and the minimisation of surface energy 
(interfacial tension) between the newly formed grains and residual molten slag 
compositions.  
 Near Neutral and High B.I. attack does not result in a monoclinic phase transformation 
observed in Low B.I. attack. This is partly due to Ca in the melt being absorbed by the 
PYSZ, which further stabilises the tetragonal phase, as well as the amphoteric behaviour 
of zirconia (zirconia is partly covalent and partly ionic). In an acidic (Low B.I.) melt, 
zirconia assumes an ionic role with a coordination number of 8. This is further confirmed 
by the characteristic formation of a zirconium silicate phase in Low B.I. degradation. 
However, in a more basic (High B.I.) melt, zirconia acts as a glass former (in a covalent 
manner), with a cation coordination number of 6. Confirmation of this characteristic was 
seen in the formation of calcium zirconate in High B.I. attack mode. 
 Due to Al affinity for Mg, a magnesia spinel layer is formed in Near Neutral and High 
B.I. attacks, possibly introducing a dual failure mode of coating degradation and 
spallation due to attack at the interface. The very aggressive High B.I. melt significantly 
infiltrates the substrate, altering the composition of the substrate, creating an Al depleted 
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zone within the Al2O3 substrate. With High B.I. attack, there is certainly a possibility of 
thermal and/or chemical damage to the TGO, potentially extending to the bond coat in 
engine conditions. Sufficient adhesion between the TBC/substrate interfaces is critical for 
the functionality of coated part. 
 By using free-standing samples, the effect of B.I. variations was isolated to the 
CMAS/TBC interaction, with respect to time and temperature and the potential influence 
of the substrate was negated. It can be inferred from this study that, GZO alleviates Low 
B.I. attack by forming a crystallised apatite phase which was seen to arrest the reaction, 
by so doing preventing the reaction product from being absorbed by the coating. 
However, this was inverted with Near Neutral and High B.I. attacks, with GZO providing 
little or no protection with a detrimental outcome. GZO readily dissociates in High B.I. 
melt, with a significant amount of gadolinium retained in the melt and the aggressiveness 
of the melt increases. It has been shown that zirconia is vulnerable to attack by basic 
deposits and a similar trend was observed for GZO, with complete deterioration of the 
columnar identity. 
Basicity Index model is a great tool in the fight against CMAS infiltration of TBCs due to the 
apparent need to increase the turbine entry temperature, especially with recent developments 
in producing low thermal conductive (low k) TBCs. CMAS attack remains an obstacle in the 
need to increase the operating temperature of next generation aero engines and realising the 
benefits it brings (SFC and greenhouse emission). Mitigating solutions to TBC 
microstructural degradation caused by CMAS have so far been reactive, rather than 
incorporating molten degradation problems during the design stage. Engine manufacturers 
have been clever in the past and customise engine hardware depending on part of the world 
the aircraft is operating, to mitigate against erosion damage. In order to make the transition 
from mainly reactive as it has been in the past, towards predictive with proactive solutions for 
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CMAS problems, the concept of Basicity Index may be used to predict the severity of TBC 
damage expected in various regions of the world based on the aggressiveness of the 
respective sand chemistry and a mitigating solution incorporated during design. From the 
results obtained in this study, the morphology of attack of an EB-PVD TBC, as expected 
from various regions in the world, is mapped in terms of the Basicity scale, Figure 188.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 188: A Reactive – Predictive model illustrating different mechanisms of CMAS attack on EB-PVD TBC 
based on sand/B.I. chemistry from across the world. 
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A series of erosion tests with volcanic ash and similar sized MIL spec silica sand have been 
undertaken on two compressor materials; Ti64 and IN718. It has been shown that: 
 The erosion behaviour of volcanic ash was not strongly dependent on particle size.  Three 
size fractions were evaluated; 0-53 µm, 53-106 µm and 106-212 µm. Over this range of 
sizes the erosion rate differed by less than 20%. The erosive response of volcanic ash 
behaved in a very similar manner to fine silica sand, which had a particle size between 0-
150 µm. Coarser silica sand particles, behaved differently with increased erosion at 90, 
compared to the fine silica sand. Fine silica sand was marginally more erosive than the 
volcanic ash particles at 30, 45 and 90, the impact angles studied in this project. 
 The impact angle dependence for both Ti64 and IN718, when impacted with volcanic ash 
was that expected for ductile erosion, with a peak in erosion rate at 30°, irrespective of 
particle size, when accelerated in a gas stream at 250 m/s. 
 With volcanic ash behaving similar to fine silica sand and peak erosion rates at 30° 
impact (ductile erosion) the effect of increased gas velocity was studied under these 
conditions. These results show a close similarity in erosion response between volcanic 
ash and fine silica sand at all gas velocities studied. Erosion performance differed by 
typically 20% between these two types of particle when tested at similar particle size. The 
only noticeable difference was that at 250 m/s fine silica was more erosive than similar 
sized volcanic ash, whereas at gas velocities of 210 m/s and below volcanic ash was 
marginally more erosive than fine silica sand. 
 At 450 C, under the same gas pressure within the erosion rig, volcanic ash was more 
erosive than at room temperature. The erosion rate was increased by approximately a 
factor of x2 for ductile erosion at 30° impact.  At 90° impact the erosion rate changed 
little between the room temperature test and the test at 450 C. These results are 
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consistent with volcanic ash behaving like fine silica sand both at room temperature and 
450 C.  The measured erosion rates are consistent with a ductile erosion mechanism with 
peak rates of material loss for impact angles close to 30.  The results, both at room 
temperature and 450 C, would appear to fit classic ductile erosion models where the 
material loss on particle velocity follows a power with an exponent close to 2.  For 
volcanic ash the exponent was calculated to be 1.7-1.8, whereas, for fine silica sand it was 
calculated to be 2.3-2.4. 
 It has also been shown in this study that small amounts of CMAS infiltration significantly 
increases the erosion rate of EB-PVD TBCs due to the deterioration of columnar identity 
as a result of CMAS degradation, which also reduces the strain compliance of the coating. 
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11 Future Work 
 Further exploit the thermodynamic effect; viscosity and wettability, as contributory 
parameters in CMAS attack mechanisms. It has been established that viscosity affects the 
melt’s penetrating ability and wettability will determine the tendency of the melt to stick 
and infiltrate by capillary action. However, their interacting effect is not fully understood 
hence further work is required to understand the effect of that different CMAS viscosity 
and wettability has on the reactivity.  
 Thermal gradient CMAS test: in this current study, all tests were done under isothermal 
heat treatment condition. However, in order to replicate engine conditions, CMAS testing 
should be aimed under a thermal gradient. Hence it is suggested that, more work be 
carried out to determine the practical depth of CMAS penetration under a thermal 
gradient, as it is the case in service, as well as whether the detrimental melt pool will form 
at the bottom of the coating interface.  
 Basicity and melting point relationship: the High B.I. CMAS compositions studied in this 
project have shown very high melting points. However in reality, environmental dust 
ingested by the engine will contain significant amount of iron oxides as well as alkali-
metal oxides, both of which lower the melting point of the deposit. Stott et al. [69] study 
noted variation in composition and melting temperatures of Middle Eastern sand 
chemistry (all belonging in the High B.I. category), with some melting as low as in the 
1200 °C. So it is suggested as a future work to understand the effect adding melting point 
depressors elements such as Fe, Na and K has on the mechanism and severity of CMAS 
attack on EB-PVD TBCs.  
 Study novel TBCs resistivity on Near Neutral and High B.I. attack. It is shown in this 
study that CMAS resistant TBC that mitigates one category of attack can remain 
susceptible to different categories of CMAS attack. This was shown to be the case with 
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gadolinium zirconate (GZO) which provided some degree of CMAS resistance to Low 
B.I. attack, by arresting the CMAS reaction to a short interaction zone. However, very 
little or no protection was provided with Mid B.I. CMAS and was completely 
disintegrated by High B.I. It is proposed here that, novel CMAS resistant TBC 
compositions should be tested against all categories of CMAS and reference provided 
accordingly. In this case, GZO in can rightly be termed Low B.I. resistant TBC. Low, 
Mid and High B.I. CMAS compositions should be tested against novel TBC composition 
in an effort to better understand the reaction kinetics and help towards the development of 
an all-round CMAS resistant TBC.   
 Develop the concept of 2, 3, 4 TBCs for low k and CMAS resilience. The concept of 2, 3, 
4 has been proposed as possible composition for a CMAS resistant TBC. Zirconia is the 
current preferred TBC main element. However, zirconia based TBC was found in this 
study to be amphoteric which makes it susceptible to both Low B.I. (acidic) and High B.I. 
(basic) CMAS composition. By employing the 2, 3, 4 dopant, it is suggested that 2
+
 will 
stabilise zirconia in a basic (High B.I.) melt and 3
+
 will stabilise zirconia in a Low B.I. 
(acidic) melt. More work is needed to exploit this theory. 
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Appendix A 
Basicity Index Calculation  
Table A1:  B.I. Calculation Based on CMAS Composition Shown Below 
 
 
 
 
Basicity index (B.I.)   
∑             (    )
∑              (    )
 
Equation A1 
In this study, Basicity is modified to acknowledge that amphoteric oxides may exhibit either 
acidic or basic roles. 
 In a binary CaO – SiO2 slag system, neutral slag corresponds to the formation of 
2CaO.SiO2, making the B.I. for a neutral slag to be equal to 2.  
o Hence CaO/SiO2 ratio < 2, amphoteric oxides behaves in a basic manner while for a 
CaO/SiO2 ratio > 2, amphoteric oxides will be treated as an acidic oxide. 
 The implication of this is that amphoteric oxides provide a buffer such that a neutral slag 
may exist over a range of compositions. In this study, the range is taken as 1.8 to 2.2, a 
±10% variation on the neutral composition known as the Near Neutral B.I. value. 
Based on the modified definition of B.I. in this study, the B.I. calculation from the 
composition shown in Table A1 is given below; 
        
         
  
  
  
                       (     )                
Basicity index (B.I.)   
∑             (    )
∑              (    )
  = 
              
    
 = 
        
  
 
Content CaO  MgO  Al2O3  SiO2 
Composition (mol.%) 35.0 10.0 7.0 48.0 
Oxide type Basic Basic Amphoteric Acidic 
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B.I. = 1.08, belonging in the Low Basicity Index category on the B.I. scale shown below. 
 
 
 
 
 
Figure A1: The Basicity Index Scale 
Basic slag (High Basicity Index) Acidic slag (Low Basicity Index) 
Near Neutral slag (Mid-range Basicity Index) 
2 
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Appendix B 
The Viscosity Model 
Giordano et. al. [163] developed a comprehensive viscosity model for the measuring the 
viscosity of silicate-rich melts (SiO2, CaO, Al2O3, MgO, TiO2, FeOx, MnO, Na2O, K2O). The 
model predicts the non-Arrhenian Newtonian viscosity of silicate melts as a function of 
temperature and melt composition. The Giordano et. al. model is based on the measurements 
of over 1770 viscosity of multicomponent silicate-rich melts [163]. The viscosity model can 
also be used to predict the glass transition temperatures (Tg) and melt fragility [163]; for 
example predicting the effect of an individual oxide composition on melting temperatures and 
viscosity. Tg is the temperature separating the liquid (relaxed) from the glassy (unrelaxed) 
state. The non-Arrhenian temperature dependence of viscosity was accounted for by the 
Equation A2;  
      
   
𝑇   
 
Equation A2 
Where A is a constant independent of composition and B and C are adjustable parameters and 
T is temperature in degree K. Compositional dependence is attributed to B and C as linear 
combinations of oxide components (mol%) and several multiplicative oxide cross-terms as 
can be seen from Equation A3: 
  ∑        ∑[   (           )]
 
   
 
   
 
 
 
  ∑        ∑    (           ) 
 
   
 
   
 
Equation A3 
 
Where the M's and N's are combinations of mol % oxides 
Appendix B 
286 
 
Tg is calculated from the Equation A4: 
𝑇     
 
    
 
 
Equation A4 
Melt fragility is a measure of the sensitivity of liquid structure and flow properties to changes 
in temperature and it distinguishes two extreme behaviours of glass forming liquids: strong 
vs. fragile. "Strong" liquids show near-Arrhenian temperature dependence and show a firm 
resistance to structural change, even over large temperature variations. Conversely, "fragile" 
liquids show non-Arrhenian temperature dependence indicating that thermal perturbations are 
accommodated by continuous changes in melt structure. The "steepness index" (m), is a 
common measure of melt fragility used to track departures from Arrhenian behaviour and to 
distinguish strong and fragile melts. Essentially, it is the slope of the viscosity trace taken at 
Tg and can be calculated from Equation A5: 
   
  (       )
  (
𝑇 
𝑇 )
               
 
𝑇 (  
 
𝑇 
)
  
 
Equation A5 
Low values of m correspond to strong (Arrhenian-like) melts and higher values of m indicate 
increasing fragility (non-Arrhenian). 
How to Use the Model 
Giordano et. al. [100] also created an excel calculator version of this model, which works by 
inputting the composition (in weight percent) of the system and an output of viscosity (as a 
function of temperature in °C) is displayed. Hence by varying the oxide contents, the effect 
on viscosity and temperature can be predicted. This was how the data plotted in Figure 33 
and Figure 34 were calculated. Two viscosity values were calculated; one at the melting 
temperature and the other at 50 °C above melting temperature because CMAS infiltration 
study was done at 50 °C above the melting temperature of the CMAS composition used, in 
𝑇  𝑇𝑔 
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order to ensure that melting of the deposit occurred. A screen shot of the excel version is 
shown in Figure A1. 
 
Figure A2: Excel version of Giordano et. al., viscosity model [100]. 
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